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  Abstract 
i 
Abstract 
The eastern and south-eastern Australian passive continental margins host a series of 
Cenozoic basins preserved in onshore and offshore Victoria, Tasmania and South Australia. 
Deposition in these basins was concurrent with the Cenozoic Magmatic Province that extends 
along the Australian eastern and south-eastern Australian passive continental margin. 
Although classified as a ‘non-volcanic’ passive margin, a large record of igneous rocks is 
preserved within the Cretaceous to Miocene syn- and post-rift successions of the offshore 
basins. Previous studies have mainly focussed on onshore magmatic activity and resulting 
geodynamic models have proposed on mantle plumes or edge-driven convection. Offshore 2D 
and 3D seismic reflection datasets in the Bass and Gippsland Basins analysed in this thesis 
have shown that the magmatism in these areas occurred during the Late Cretaceous, Eocene 
to Oligocene and Miocene to Recent times. The majority of magmatism significantly post-
dates continental break-up and basin rifting related to the separation of Australia and 
Antarctica, which started around 85 Ma.  
This thesis presents major and trace element and isotope geochemistry of Cenozoic 
igneous rocks in onshore Tasmania and in the offshore Gippsland and Bass Basins. The data 
presented suggest that magmas have formed over a thermal upwelling with a long time-
integrated high 238U/204Pb or µ (HIMU) signature that traversed a Pacific Mid-Ocean Ridge 
Basalt (MORB) -like asthenosphere and interacted with the mantle lithosphere. Tasmanian 
lavas formed at different depths with shallow silica-oversaturated melts undergoing larger 
degrees of melting than deeper silica-undersaturated melts (> 20 kbar). These shallow melts 
have then mixed with a remnant source of Ferrar Jurassic magma, related to Gondwana break-
up, residing in the lithosphere. Magmas formed in the Gippsland and Bass Basins formed 
under similar conditions as the shallow silica-oversaturated melts with varying Oceanic Island 
Basalt (OIB) to Upper Continental Crust (UCC) trace element signatures.  
Regional 3D seismic mapping of the Gippsland Basin reveals a laterally (>40 km) and 
vertically extensive magmatic plumbing system comprising more than 186 intrusions. This 
network of sills shallows from the central part of the basin towards the basin-bounding faults 
at the northern margin, where magmas were ultimately extruded onto the palaeo-surface 
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during the Late Cretaceous. A second style of magmatic activity occurred during the Middle 
Eocene, resulting in a volcanic cone complex in the centre of the basin, which has likely been 
fed through vertical to near-vertical dykes or via faults. Palynology of surrounding sediments 
intersected by petroleum wells indicates that magmatic activity in the Bass Basin is generally 
younger than that of the Gippsland Basin with activity being most abundant during the 
Miocene. Cretaceous to Eocene magmatic activity mainly occurred at major normal faults near 
the basin margins, while Miocene magmatism is focussed in the centre of the Cape Wickham 
Sub-basin of the Bass Basin. In contrast to the Gippsland Basin, the main direction of magma 
transport through the upper crust was more vertically through dykes and/or faults. This phase 
of Miocene magmatic activity is characterised by a southward younging trend similar to the 
southward younging trends of the hotspot trails observed on the Australian mainland. 
Although the Gippsland and Bass Basin are adjoining basins, the magmatic plumbing styles 
observed differ significantly. These results provide insights into the origin, cause and plumbing 
into intraplate magmatism occurring along the Australian south-eastern margin and magma 
transport through sedimentary basins, in general.  
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Introduction 
The southern Australian passive margin hosts one of the classic examples of intraplate 
volcanic provinces, the Eastern Australian Magmatic Province, despite being classified as a 
non-volcanic margin (e.g. Sayers et al., 2001). This region extends over 4400 km from northern 
Queensland to southern Tasmania and extends westwards into Victoria and southeast South 
Australia along the passive southern margin of the Australian continent. To date, studies in 
this area have mainly focussed on onshore volcanism, and several models such as mantle 
plumes (Davies et al., 2015; Knesel et al., 2008; Sutherland et al., 2012), structural controls of 
pre-existing lithospheric structures (Cas et al., 2017; Lesti et al., 2008) and/or edge-driven 
convection (Demidjuk et al., 2007; Meeuws et al., 2016b) have been proposed to account for 
the origin of this intraplate magmatism. This thesis however, shows that a large part of the 
volcanism is located offshore and remains undescribed and unaccounted for in the proposed 
models for the area.  
Forming part of the Eastern Australian Magmatic Province (Fig. 1), the Cenozoic 
magmatism along the eastern and south-eastern margin of Australia has been divided into 
three categories; the central volcanoes, the leucitite suite and the lava fields (Wellman and 
McDougall, 1974). As the Australian continent is moving northwards, both the central 
volcanoes and leucitite suite define several age-progressive tracks that become younger 
towards the south at a rate of 65 ± 3 mm/year from 32 Ma to the present (Duncan and 
Mcdougall, 1989; Wellman and McDougall, 1974), covering central Queensland to Victoria, 
located to the west and east of the Great Dividing Range and offshore eastern Australia 
(Davies et al., 2015; Sutherland et al., 2012; Wellman and McDougall, 1974). The current 
locations of the proposed plume-heads are estimated to be situated beneath the Bass Strait, 
between Victoria and Tasmania (Davies et al., 2015), to the east of Flinders Island (Sutherland 
et al., 2012) and to the south of the Tasmantid seamount chain . The third category and equally 
abundant type of magmatism (Wellman and McDougall, 1974), the lava fields, do not show a 
similar age trend and are therefore not readily explained by the aforementioned hot-spot 
mechanisms (Meeuws et al., 2016b; Vasconcelos et al., 2008). In particular, the Cenozoic 
magmatism in Tasmania, classified as lava field magmatism, lies south of the proposed plume-
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heads (Fig. 1) and shows no clear age trend in activity, with the youngest activity present in 
the north of the island (8.5 ± 0.1 Ma: Baillie, 1986). Additionally, the Pb-isotopic composition 
of the Tasmanian Cenozoic igneous rocks seems to be quite distinct from any other lava field 
provinces situated in mainland Australia, with increased 206Pb/204Pb ratios (Nasir et al., 2010). 
 
Figure 1: Overview of the Eastern Australian Magmatic Province, stretching along the eastern 
(Queensland to New South Wales) and south-eastern (Victoria to eastern South Australia) Australian 
margin, with different categories of magmatic types and ages of each smaller province portrayed as 
separate blobs (modified from Meeuws et al., 2016b). These ages show the southward trends observed 
in the central shield volcanoes, leucitite suites and lack of age trend in the lava fields. Tasmania and 
the Bass and Gippsland Basin  do not fit these southward younging trends and are located south of 
proposed plume-activity (TH: Tasmantid hotspot (Johnson, 1989), EAH: Eastern Australian hotspot 
(Sutherland et al., 2012), CH: Cosgrove hotspot (Davies et al., 2015)). 
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The Bass Strait, located offshore between Victoria and Tasmania, hosts several basins 
which have preserved igneous rocks in their Cretaceous to Cenozoic sedimentary successions 
(Blevin et al., 2005; Holford et al., 2012; Holford et al., 2017; O'Brien et al., 2008; O'Halloran 
and Johnstone, 2001; Reynolds et al., 2018b). This magmatic activity is often overlooked in 
geodynamic models which try to explain Cenozoic magmatism along the Australian eastern 
and southern margin (e.g. Conrad et al., 2011; Davies et al., 2015; Sutherland et al., 2012) as 
up until now only a small number of the available seismic datasets have been studied in detail. 
Preliminary 2D and 3D seismic data interpretation has shown that the age of magmatic activity 
in these sedimentary basins significantly postdates continental break-up (Fig. 1) and so cannot 
be readily ascribed to decompressional melting processes associated with continental break-
up.  
The presence of igneous rocks in petroliferous basins, such as the Gippsland and Bass 
Basins, represents a key exploration uncertainty that nonetheless must be quantified due to 
the significant effects that magmatic activity poses to source and reservoir rock quality (e.g. 
Holford et al., 2012; Planke et al., 2005; Rateau et al., 2013; Rohrman, 2007; Schofield et al., 
2016; Schutter, 2003). To date our understanding of magmatic processes in sedimentary 
basins has generally been restricted to field and geochemical studies of exhumed basins with 
limited exposure, though the increasing availability of 3D seismic data has provided a powerful 
means by which the processes that transport magma through sedimentary basins can be 
better understood (e.g. Cartwright and Hansen, 2006; Schofield et al., 2012; Schofield et al., 
2015; Thomson and Hutton, 2004). Recent 3D seismic studies have challenged traditional 
views that ‘magmatic plumbing systems’ in sedimentary basins tend to be vertically stacked 
(Fig. 2 - Scenario 1), instead proposing a greater role for lateral transport of magma over 
significant horizontal distances through networks of sills and dykes (Fig. 2 - Scenario 2) 
(Cartwright and Hansen, 2006; Magee et al., 2016; Schofield et al., 2015). Such systems are 
likely to have multiple impacts, both positive and negative, on petroleum systems (Holford et 
al., 2012). For example, impermeable networks of intrusive bodies may compartmentalize 
source and reservoir sequences thereby reducing migration efficiencies, whilst focussed fluid 
flow associated with sills and dykes may reduce reservoir quality and puncture sealing 
horizons (Holford et al., 2013; Holford et al., 2012; Holford et al., 2017). On the other hand, 
intrusion into shallow source rocks may increase levels of maturity, and saucer-shaped sills 
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emplaced within reservoirs can create attractive traps with four-way closures through forced 
folding (Aarnes et al., 2011; Holford et al., 2012). Cretaceous-Cenozoic igneous rocks are 
common within the basins of the southern Australian margin (Meeuws et al., 2016b), including 
the Ceduna Basin where multiple sills and dykes intrude reservoirs within the Hammerhead 
Supersequence (Jackson, 2012; Reynolds et al., 2017a; Reynolds et al., 2017b; Reynolds et al., 
2018a; Schofield and Totterdell, 2008), in the Bass Basin where a Miocene volcano overlies 
the Yolla Gas Field (Holford et al., 2017; Reynolds et al., 2018b; Watson et al., 2019), and in 
the Gippsland Basin where the Kipper Gas Field is partially sealed by Campanian basalts (Birch, 
1987; Meeuws et al., 2016a; O'Halloran and Johnstone, 2001; Sloan et al., 1992).  
 
Figure 2: Different scenarios of volcanic systems. Scenario 1 depicts the most common view of 
systems, with volcanoes stacked vertically above a network of sills and dykes. Scenario 2 
presents a volcanic system where magma travels significant distances, both vertically and 
horizontally, before finally extruding onto the paleosurface (modified from Magee et al. 
(2016)). 
The central aim of this thesis is to provide an overview and further insights into both on- 
and offshore magmatism occurring along the south-eastern Australian margin with focus on 
Tasmania and the Bass and Gippsland Basins. To achieve this, several objectives have been 
defined:  
1. Accurately constrain the distribution and chronology of Cenozoic intraplate 
magmatism in the Bass and Gippsland Basins. This is achieved through detailed 
mapping of 3D and 2D seismic reflection data available within the aforementioned 
basins and tying this to palynological data available from petroleum wells.  
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2. Determine the nature of upper crustal subvolcanic ‘plumbing systems’ and provide 
insights into the modes of Cenozoic magma transport in south-eastern Australia 
using 3D seismic data mapping and application of novel visualisation techniques such 
as opacity rendering and frequency decomposition. The combination of these 
techniques will reveal additional information that regular seismic amplitude data 
visualisation cannot provide. 
3. Explain the geodynamic origins of anomalous Cenozoic intraplate magmatism in 
south-eastern Australia at basin-to-mantle scales. The use of major and trace 
element and isotope geochemistry allows for a regional scale characterisation of 
Cenozoic magmatism and local melting conditions of magmatism in Tasmania and 







Distribution, chronology and causes of Cretaceous – Cenozoic magmatism along the 
magma-poor rifted southern Australian margin: Links between mantle melting and basin 
formation. Published in Marine and Petroleum Geology (March 2016).  
South-eastern Australia contains a number of passive margins formed during Gondwana 
break-up that host Cretaceous-Cenozoic basins. These basins are coincident with the Eastern 
Australian Magmatic Province that extends along the Australian eastern and south-eastern 
passive continental margin. Geodynamic models explaining the magmatism have relied on 
mantle plumes (Davies et al., 2015; Knesel et al., 2008; Sutherland et al., 2012) or edge-driven 
convection (Demidjuk et al., 2007), however the construction of tectonic subsidence plots and 
comparison with classic examples of hotspots suggests that the igneous activity along the 
Australian southern margin cannot be solely contributed to a classic plume model. This 
chapter provides an extensive overview of the regional geological evolution of the Australian 
southern margin and phases of intraplate magmatic activity in the region, illustrated using 
seismic reflection cross-sections and forms the first step towards a better understanding of 
igneous activity along the southern margin, by providing more insights into the origin, cause 
and plumbing into intraplate magmatism in general and how petroleum exploration is 
affected by magmatism in this region.  
 
Chapter 3 
Geochemical constraints on Cenozoic intraplate magmatism and their relation to 
Jurassic dolerites in Tasmania, using Sr-Nd-Pb isotopes. Published in Chemical Geology 
(February 2019).  
Within the Eastern Australian Magmatic Province, the Tasmanian basalts are anomalous. 
Even though their major element geochemistry is similar to the Cenozoic volcanism in the rest 
of the lava field provinces, their trace element and isotope geochemistry is significantly 
different, with Sr- and Nd-isotope ratios spanning a large range (87Sr/86Sr: 0.702681 - 0.705544, 
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143Nd/144Nd: 0.512635 - 0.513013) and increased 206Pb/204Pb (19.04 – 19.58) with regards to 
Cenozoic magmatism in mainland Australia (Nasir et al., 2010). Both asthenospheric (Adam 
and Green, 2011) and subcontinental lithospheric mantle (Sun et al., 1989) source depths have 
been proposed. In this paper we present a new dataset of major and trace element and Sr-
Nd-Pb isotope geochemistry and 39Ar/40Ar geochronology of Cenozoic magmatism in 
Tasmania. This paper demonstrates the different melting and fractionation controls on the 
composition of the Cenozoic Tasmanian igneous rocks and proposes a mixing model between 
different lithospheric and asthenospheric mantle end-members to explain their large range in 
isotopic compositions.  
 
Chapter 4 
Characterising extrusive and intrusive magmatism at the Kipper Field, Gippsland Basin, 
using 3D seismic data and geochemistry. Intended for submission to Australian Journal of 
Earth Sciences.  
The Gippsland Basin is one of Australia’s most important economic hydrocarbon 
producing basins and hosts a world-class hydrocarbon province containing both oil and gas 
fields (Featherstone et al., 1991; O'Brien et al., 2008; Rahmanian et al., 1990; Sloan et al., 
1992). Although its petroleum system has been well studied, a large part of its geology is often 
overlooked. The Gippsland Basin hosts and extensive network of both intrusive and extrusive 
mafic igneous rocks of Campanian to Eocene age, which have a large effect, both positive and 
negative, on hydrocarbon plays in the basin. The Kipper Field is a prime example where 
volcanic rocks have benefited the hydrocarbon play by forming a seal for a 328 m gross gas 
column and 14 m oil leg (O'Halloran and Johnstone, 2001; Sloan et al., 1992). Detailed mapping 
of intrusive and extrusive rocks near the Kipper Field using 3D seismic data has revealed a 
vertically and laterally extensive network of sills through which magma transported from the 
centre towards major fault systems in the north and south of the basin. Major and trace 
element geochemistry of cutting and core samples of igneous rocks intersected by petroleum 
wells suggest an age progressive change in trace element signature from Upper Continental 
Crust to Oceanic Island Basalt, similar to the Jurassic and Cenozoic igneous rocks found in 
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onshore Tasmania. Geochemical analyses suggests that Gippsland Basin magmas have been 
formed at similar shallow depths and similar high degrees of melting as the basalt and basaltic 
andesite groups of the Tasmanian Cenozoic igneous rocks.  
 
Chapter 5 
Geochemical signatures and seismic expression of Cretaceous-Cenozoic magmatic 
plumbing systems in the Bass Basin.  
Knowledge of magmatic plumbing systems in the Bass Basin is still not fully understood 
as previous studies have been largely local in nature, focussing mainly on the Miocene 
magmatism in the Yolla 3D and Labatt 3D seismic surveys.  As the effect of magmatism on 
hydrocarbon systems can be both detrimental and beneficial, knowledge of subvolcanic 
plumbing systems is key in petroliferous basins such as the Bass Basin. This chapter reveals a 
large number if igneous features of Late Cretaceous to Cenozoic age preserved in the 
Paleocene syn-rift and Oligocene-Miocene post-rift successions of the Bass Basin. Seismic 
interpretation has suggested that magma is transported through dykes to form sills and 
volcanic vents. Magmatism is not synchronous and at least 10 episodes of magmatic activity 
have been identified, with Cretaceous to Eocene magmatic activity mainly occurring at major 
faults near the basin edges and subsequent Miocene magmatic activity exhibiting a southward 
age-progression in the centre of the Cape Wickham Sub-basin. Major and trace element 
geochemistry data on igneous drill cutting samples intersected by petroleum wells is used to 
compare the magmas with those from the nearby Gippsland Basin, Tasmania and Victoria 
(Newer and Older Volcanic Provinces). Geochemical analysis demonstrates that Bass and 
Gippsland Basin magmas have formed under similar shallow partial melting conditions and 
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ABSTRACT 
Although the Gippsland Basin is one of Australia’s most important economic 
hydrocarbon producing basins, a large part of its geology is often overlooked. The Late 
Cretaceous syn- and post-rift successions of the Gippsland Basin host both intrusive and 
extrusive igneous rocks emplaced during several magmatic events (Late Cretaceous – Eocene) 
which have a large influence on several existing hydrocarbon plays. The Kipper Field in 
particular has benefited from a ˃100 m thick sequence of Late Cretaceous basalts, top-sealing 
a 328 m gross gas column and 14 m oil leg, reservoired in the Golden Beach Sub-group of the 
Latrobe Group sediments. Regional mapping of 3D seismic reflection data reveals an extensive 
magmatic plumbing system comprising more than 186 intrusions that shallows from the 
central part of the basin towards the basin–bounding faults at the northern margin, where 
magmas were extruded onto the paleo-land surface during the Late Cretaceous. Our mapping 
indicates that magmas can travel significant vertical (3 sec TWT) and horizontal distances (˃40 
km in this case) before finally extruding. The highest concentration of igneous occurrences are 
located in the vicinity of broadly ~E-W striking basin-bounding faults, with magmas younging 
from east (Late Cretaceous – Turonian/Campanian) to west (Eocene) along the northern 
Rosedale fault system. The major and trace element geochemistry of sampled extrusive and 
intrusive rocks show strong similarities with Cretaceous and Cenozoic magmas found in 
onshore Tasmania, with an Upper Continental Crust signature in the Campanian lavas similar 
to Jurassic and Cretaceous intrusions and lavas onshore Tasmania and an Oceanic Island Basalt 
signature in younger Eocene lavas and intrusive sills similar to the Cenozoic basalts onshore 
Tasmania.  
1. INTRODUCTION 
The Gippsland Basin is one of Australia’s most prolific hydrocarbon provinces and forms 
part of the Australian southern rifted margin, which formed during Early Cretaceous due to 
the separation of Australia and Antarctica (Blevin and Cathro, 2008). The basin has been 
proven to be a world-class hydrocarbon province and the geology and its giant oil and gas 
fields are well-studied (Featherstone et al., 1991; O'Brien et al., 2008; Rahmanian et al., 1990; 
Sloan et al., 1992). The Gippsland Basin contains a rich-record of magmatic activity which 
occurred during rifting and subsequent post-rift thermal subsidence. However, even though 
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46 of the 318 (~14.5%) petroleum exploration wells drilled in the basin have encountered 
igneous rocks, the nature and origin of this magmatism remains largely undescribed. The 
presence of volcanic rocks can impact hydrocarbon systems both positively and negatively (e.g. 
Holford et al., 2013; Holford et al., 2012; Holford et al., 2017; Meeuws et al., 2016b; Schutter, 
2003). For example, impermeable networks of intrusive bodies may compartmentalize source 
and reservoir sequences thereby reducing migration efficiencies, whilst focussed fluid flow 
associated with sills and dykes may reduce reservoir quality and puncture sealing horizons. On 
the other hand, intrusion into shallow source rocks may increase levels of maturity, and 
saucer-shaped sills emplaced within reservoirs can create attractive traps with four-way 
closures through forced folding (Holford et al., 2012). Knowledge of magmatic plumbing 
systems in hydrocarbon-rich basins, such as the Gippsland Basin, is therefore of paramount 
importance to reduce exploration risk.   
The advanced understanding of igneous rocks imaged in 3D seismic reflection surveys 
provide the opportunity to have a better understanding of igneous plumbing systems within 
sedimentary rift basins and facilitate a better understanding of their impact on possible 
hydrocarbon systems. The Kipper Field in the Gippsland Basin is a prime example of a 
hydrocarbon accumulation that has been positively impacted by igneous activity in a 
petroliferous basin. With the exception of  a focussed study on the Kipper Field by O'Halloran 
and Johnstone (2001), there has been little work on magmatism in the Gippsland Basin and 
our understanding of igneous processes in general and in neighbouring basins (e.g. magmatic 
studies of the Bight Basin (Jackson et al., 2013; Magee et al., 2013; Reynolds et al., 2017b; 
Reynolds et al., 2018a; Schofield and Totterdell, 2008) and Bass Basin (Holford et al., 2017; 
Reynolds et al., 2018b)) has much evolved since then. The availability of geochemical (e.g 
major and trace element geochemistry) and petrophysical (e.g wire-line well logs) datasets 
acquired through drilling of igneous rocks in the Gippsland Basin allows for characterisation 
of the magmas, while the wide coverage of seismic reflection data provides insight into the 
nature of the magmatic plumbing system. This unique combination of datasets make the 
Gippsland Basin an ideal laboratory to investigate magmatic processes in petroliferous 
sedimentary basins. Here we identify two different styles of magmatic plumbing systems, 
emplaced at different times, within the Gippsland Basin. Combined with the geochemical 
signature of the igneous rocks, this provides with a better understanding of magmatism in the 
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Gippsland Basin and sedimentary rift basins in general and the link with Meso-Cenozoic 
magmatism in the Bass Strait and in onshore Tasmania.  
 
Figure 1: Tectonostratigraphic column of the Gippsland Basin with magmatic and basin events 




2. GIPPSLAND BASIN 
As one of the most hydrocarbon-rich basins in Australia, the Gippsland Basin forms the 
easternmost end of the Australia’s rifted southern continental margin. The Gippsland Basin 
finds its origin during Jurassic to Early Cretaceous rifting and subsidence during the separation 
of Australia and Antarctica, and a renewed period of Late Cretaceous incomplete rifting of a 
branch of the Tasman Sea (Norvick and Smith, 2001; Rahmanian et al., 1990). Initially, its 
architecture consisted of an east-west trending rift valley during the Early Cretaceous, which 
later evolved due to continued rifting during the Turonian to Campanian, into a broad Central 
Deep, flanked by fault-bounded platforms and terraces to the north and south (Norvick and 
Smith, 2001). Post-rift subsidence and a subsequent compressional events during the late 
Eocene-middle Miocene, gave rise to a series of northeast to east-northeast trending 
anticlines, resulting in partial basin inversion (Power et al., 2001). An overview of the 
tectonostratigraphy of the Gippsland Basin is provided in Figure 1.  
Spreading of the Tasman Sea is believed to be responsible for a phase of intrusive and 
extrusive igneous activity around 80 Ma (O'Halloran and Johnstone, 2001). Remnants of this 
igneous activity are still present within the syn-rift sediments of the Golden Beach and 
Emperor Subgroups of the Latrobe Group (O'Halloran and Johnstone, 2001), primarily 
occurring along the northern and southern basin-bounding fault systems, with minor 
occurrences near the Bream Field, Remora-Sunfish, Whiting-Wirrah and Tuna regions (Birch, 
1987) (Figure 2). Mafic magmatic bodies located along the eastern end of the northern basin-
bounding faults are most extensive and mainly consist of multi-layered, anastomosing 
aggregated basalt flows, whilst a feature interpreted to be a single volcanic cone (~100 m high) 
has been described in the Bream area (Birch, 1987). Based on seismic velocities and 
petrography of recovered rocks, both intrusive and extrusive features have been recognized 
and are of olivine basalt or dolerite composition (Birch, 1987; McPhail, 2000). As samples are 
too altered, no recovered igneous rocks have been dated using absolute dating techniques 
(Birch, 1987; McPhail, 2000). Biostratigraphic dating of sediments overlying igneous rocks 
however, indicate ages of 87 to 49 Ma, with the majority of sequences of Late Cretaceous 
(Campanian) age (Birch, 1987; McPhail, 2000).  
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Figure 2: Location map of wells that have been reported to intersect igneous rocks (red dots), oil and 
gas fields (italic) and main basin bounding faults in the Gippsland Basin, offshore Victoria. 
2.1 Kipper Field 
The Gippsland Basin hosts several giant oil and gas fields, with the majority of the 
discoveries reservoired within the siliciclastics of the Late Cretaceous Golden Beach Subgroup 
of the Latrobe Group (Bernecker and Partridge, 2001; Sloan et al., 1992). The Golden Beach 
Subgroup sediments consist of braided-stream and alluvial-fan sandstones and conglomerates 
at the margin of the basin and fluvial, finer grained deposits deeper in the basin, followed by 
a thick lacustrine unit (Bernecker and Partridge, 2001; Sloan et al., 1992).  
The Kipper Field is located ~40 km offshore, on the northern flank of the Gippsland Basin, 
and forms one of the largest gas fields in the Gippsland Basin (Figure 2). The Field was 
discovered with the drilling of well Kipper-1 (1986) and constrained by a second well, Kipper-
2 (1987). It holds a 328 m gross gas column and a 14 m gross oil leg, trapped by a fault within 
the Golden Beach reservoir, and top sealed by several volcanic lava flows with a total thickness 
exceeding 100 m (O'Halloran and Johnstone, 2001).  
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3. DATA AND METHODOLOGY 
3.1 Seismic data and resolution 
This study uses a subset of two time-migrated 3D seismic reflection surveys (Mako 3D 
(2007) and the 3D-Geo seismic megavolume merge of 3D surveys). The 3D-Geo seismic 
megavolume covers ~11,000 km² and images down to 6 s TWT with a bin spacing of 50 x 50 
m. Mako 3D survey has a bin spacing of 25 x 12.5 m, covers ~505 km² and images down to 6 s 
TWT.  Downwards increases of acoustic impedance (e.g. transition from a sedimentary rock 
into a high density igneous rock) are visualised by a blue reflector. Downwards acoustic 
impedance decreases (e.g. transition from a high density volcanic rock into a sedimentary rock) 
are visualised as a red reflector.  
Seismic resolution of the data changes greatly within the merged 3D survey. The 
dominant frequency of the seismic data between 1.6 – 2.2 seconds TWT (below the 
interpreted extrusive sequences, within the Golden Beach and Emperor Subgroups) is 22 Hz 
near the Kipper Field and decreases to 13 Hz in the Central Deep of the basin between 4.1 – 
4.8 seconds TWT in the Strzelecki Group (where the deepest interpreted intrusions occur). 
Wireline logs for one of the Kipper wells indicates that seismic velocity beneath the igneous 
rocks is approximately 3450 m/s, which gives a vertical resolution of approximately 40 m and 
a detectability of ca. 20 m. As there are no wells that penetrate the strata in which the deeper 
intrusions in the Central Deep occur, the velocity of these sequences is unconstrained. 
Assuming a seismic velocity of 3500 - 4000 m/s results in a vertical resolution of 68 - 77 m and 
detectability of ca. 34 - 39 m. 
3.2 Seismic interpretation strategy  
3.2.1. Intrusions 
Intrusive features have mainly been identified using their tendency to cross-cut 
stratigraphy, their laterally discontinuous nature and high seismic amplitudes (Smallwood and 
Maresh, 2002). From wireline logs it was determined that sills in the Gippsland Basin show 
lower densities than expected for mafic igneous rocks, which results in a smaller acoustic 
impedance difference with surrounding sediments and therefore a weaker reflection in the 
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seismic data. For example, a dolerite intrusion encountered in the Tuna-4 well has a density 
of ~2500 kg/m³ while dolerites generally have a density of 2900 kg/m³. This difference could 
be caused by weathering and/or alteration. Calculation of a pseudo relief attribute 
(quadrature of absolute amplitude values) in GeoTeric© helped visualize the less obvious 
intrusions in these cases. 
3.2.2. Extrusive units 
Extrusive igneous sequences were picked as horizons, following identification based on 
the seismic volcanostratigraphy and seismic geomorphology techniques of Planke et al. (2000) 
and Planke et al. (2017) respectively. The top of the extrusive sequences surrounding the 
Kipper Field was picked, interpolated and smoothed. Conventional seismic attributes, such as 
amplitude, time and envelope, were used to delineate the extent of the Kipper extrusive 
sequences. A spectral decomposition frequency blend was created for the smoothed horizon 
of the extrusive sequences. The use of an RGB blend on frequency decomposition analyses 
allowed for a clearer visualisation of lava flow morphology and allowed for a more precise 
delineation of its extent. In this dataset, an RGB blend (R: 10 Hz, G: 24 Hz, B: 52 Hz) was used 
to image the extrusive sequences. A High Definition Frequency Decomposition (HDFD) RGB 
blend (R: 20 Hz, G: 30 Hz, B: 40 Hz) volume was created of the Bream Field (west) to identify 
intrusions below the extrusive complex which are otherwise masked by high amplitude coal 
layers. The top of the Latrobe Group (Top Latrobe horizon) has been identified in seismic data, 
correlated using well data and is used as a reference horizon in order to account for sediment 
thickness while comparing depth of the intrusions. This horizon was chosen due to its lateral 
continuity and the fact that it is easily recognizable on seismic data.  
3.3 Geochemical data 
Eighteen drill core samples, and where core was not available, six cutting samples were 
taken from exploration wells intersecting igneous rocks in the Gippsland Basin in order to 
assess their composition and genesis. Drill core samples were washed in ultrasonic baths and 
were crushed and powdered using a tungsten-carbide jaw crusher and mill. These powders 
have been analysed for major elements using X-ray fluorescence (XRF) at the Commonwealth 
Scientific and Industrial Research Organisation (CSIRO), Adelaide (Appendix C - Table 1). Major 
elements have been analysed on XRF fused discs using a lithium tetra-borate flux. Trace 
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elements have been analysed LA-ICP-MS on XRF fused discs as described in (Meeuws et al., 
under review). Drill cutting samples have been washed in an ultrasonic bath and igneous 
lithologies have been separated and powdered using a mortar and pestle. These powders have 
then been analysed using ICP on mixed acid digest using a lithium borate fusion at Bureau 
Veritas Adelaide (Appendix C - Table 1).  
4. OBSERVATIONS AND RESULTS 
4.1 Seismic interpretation 
4.1.1 Intrusions 
A total of 186 features interpreted to be igneous intrusions have been identified on 
seismic reflection data, though based on well log interpretation and cuttings descriptions, this 
is likely an underestimate of the number of intrusions present in the area. For example, in the 
Faroe Shetland Basin, 88% of intrusions intersected by petroleum wells have been shown to 
be thinner than the vertical resolution of the seismic reflection data at depths at which the 
majority of intrusions occur (Schofield et al., 2015). Vertical seismic resolution of the rock 
sequences that contain intrusions ranges between 40 m and >77 m, with detectability 
between 20 m and 39 m. This is similar to the Faroe Shetland Basin, where vertical seismic 
resolution is estimated to reduce from 40 m (20 m detectability) at the top of the Cretaceous 
to 81 m ( 40 m detectability) at the base of the Cretaceous (Schofield et al., 2015). We infer 
that that quite a large number of intrusions will be difficult to identify in the Gippsland Basin 
and even thick intrusions (>40 m) will be missed in the deeper parts of the basin.  
The area of mapped intrusions ranges between 0.1 – 80 km², with 121 intrusions smaller 
than 10 km² in area. Intrusions are generally saucer-shaped and large groups of 
interconnected sills can be identified. Due to insufficient seismic data quality in the 3D Geo 
megasurvey, kinematic indicators of flow direction were only visible in intrusions present in 
the Mako3D survey (e.g. intrusion 34 – Figure 3). When mapped relative to depth below the 
Top Latrobe horizon, it is clear that the intrusions occur at relatively deeper depths (± 3 sec 
TWT below Top Latrobe) in the Central Deep of the basin and shallower depths (0.5 – 0 sec 
TWT below Top Latrobe) near the basin bounding faults (Figure 4). This suggests that 
intrusions were fed by magmas that originated from beneath the Central Deep and migrated 
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both laterally and vertically towards the basin-bounding faults in the north and south (Figure 
4). Depth conversion in the Gippsland Basin, and especially the Central Deep, is problematic 
due to the presence of Miocene channels filled with high velocity sediments  (Birmingham et 
al., 1985) and the lack of deep well penetration at the level of the deepest intrusions therefore 
only allows for a very rough depth estimate of the deepest intrusions of ± 3 km below the Top 
Latrobe horizon. The lateral distance traversed by the intrusions exceeds 40 km.  
Because of their intrusive nature, constraining the timing of emplacement is problematic. 
Sediments overlying the igneous intrusions will often be folded to accommodate their 
emplacement. Onlapping relationships of sediments overlying these forced folds allow for 
dating of the intrusion where biostratigraphic data is available (Trude et al., 2003) . None of 
the intrusions in the Gippsland Basin have caused doming of overlying sediments, so no 






Figure 3: Example of an intrusion showing kinematic indicators of flow directions and possible feeding 
points, with locations of cross-sections A and B (dataset MAKO3D). Cross-section A shows an example 
of intrusions progressively shallowing (intrusion 36 to intrusion 37 and intrusion 34) and feeding 
overlying lava flows as indicated by feeders. Cross-section B shows a barely visible intrusion 69 feed 
intrusion 34, which in turn might have fed the overlying lava flow. 
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Figure 4: A: Depth in seconds below Top Latrobe horizon of mapped intrusions and location of arbitrary 
line showing a connected network of shallowing intrusions ultimately feeding the overlying lava flow 
(Figure 4B). 
4.1.2 Extrusive units 
The top of the Kipper extrusive sequences has been mapped in a single horizon with a 
surface area of ~422 km². The extent of the extrusive sequences has been confirmed by wells 
Admiral-1, Basker-1 to -5, Basker South-1, Chimaera-1, East Pilchard-1, Judith-1, Kipper-1, 
Kipper-2, Kipper-2A, Kipper-4A, Scallop-1, Manta-1, Manta-2A, Scallop-1, Shark-1 and 
Stonefish-1 (Table 2). The seismic expression of the extrusive sequences consists of a hard 
reflection with an irregular reflector on top. Separate lava flows can be picked in the western 
and southern part of the basin e.g. near wells Perch-1 and Garfish-1, but these were not 
mapped in detail in this study. The timing of extrusive activity was constrained using reported 
palynology results of surrounding sedimentary rocks obtained from well completion reports 
(WCR) (Table 2).  
In addition to the Kipper extrusive sequences, multiple volcanic vents with a total area 
of 23.5 km² were identified near the Bream Field (west). The largest (main) vent has a diameter 
of ~2 km. The igneous origin of this cone was confirmed by core and ditch cutting samples 
(Bream-2 and Bream-A15 WCR). The vents are located above coal layers which are 
represented by strong reflectors in the seismic. Due to the reported weathered state of the 
cones (WCR) and due to the strong amplitude reflectors of the coal layers, the amplitudes of 
the vents do not stand out strongly from surrounding sediments and the location of sills and 
possible plumbing systems beneath the vents are masked (Figure 5). The top of the vents 
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complex coincides with the top of the Latrobe Group sediments (lower N. asperus), indicating 
a Middle Eocene age.  
 
Figure 5: Interpreted crossline 1679 of the 3D Geo megasurvey through the volcanic vents near the 
Bream Field showing the top of the volcanic vents complex, top of the Latrobe Group sediments, high 
amplitude coal layers masking underlying structures, the location of the intrusion sampled by well 
Bream-2 and dykes or faults feeding the overlying vents. 
4.2 Frequency decomposition and colour blending of seismic data 
An RGB blend frequency decomposition map was constructed of the picked horizon of 
the top extrusive sequences to help delineate the extruded extrusive sequences. This spectral 
decomposition map shows several bright areas caused by frequency anomalies (Figure 6). Due 
to their brightness and texture, these bright areas are interpreted as extrusive sequences. A 
main extrusive sequence (extrusive sequence 1: Figure 6) can be identified which is 
intersected by the Kipper wells. A second extrusive sequence (extrusive sequence 2: Figure 6) 
can be identified towards the east, but it is not clear if both extrusive sequences are or were 
connected at one stage as the extrusive sequence may be too thin to resolve in the seismic 
data. Within these lava flows several high frequency anomalies can be discerned. Further 
analyses of cross-sections through these bright spots has confirmed that these bright spots 
are shallow intrusions that may have fed the extrusive sequences (Figure 6C). Faults are 
observed intersecting and offsetting the top of the extrusive sequences. Seismic data quality 
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does not appear detailed enough to identify kinematic indicators in these extrusive sequences, 
however 3D analyses has indicated at least part of the sequence in the NW is fed by a fault.  
 
 
Figure 6: A: Spectral decomposition RGB blend (R: 10 Hz, G: 24 Hz, B: 52 Hz) image of the mapped 
horizon of the top of the Kipper extrusive sequences and location of the Kipper Field and wells Kipper-1 
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and -2. B: Interpreted spectral decomposition RGB blend of the mapped top of the Kipper extrusive 
sequences. C: Cross-section through one of the high frequency anomalies (location on Fig. 6B). 
A HDFD frequency decomposition RGB blend volume (R: 20 Hz, G: 30 Hz, B: 40 Hz) which 
focusses on the coal layers was constructed of the area surrounding the western Bream field, 
to further identify magmatic features within the coal layers underlying the volcanic vents. Due 
to the slightly differing frequency responses of the coal layers and intrusions, several 
intrusions were identified within the coal layers. A plan view image of the mapped top of the 
volcanic vents complex (Figure 7A) shows the extent and main vents of the complex. A cross-
section through the largest vent and an intrusion sampled by well Bream-2 illustrates the 
different frequency response of the intrusions within the coal layers. The coal layers show an 
overall bright response – a strong amplitude in all three frequencies, while the intrusions 
mainly show amplitudes in the 20 Hz (red) frequency range (Figure 7B). The portrayed 
intrusion has upward edges and is therefore saucer-shaped. The RGB blend of the intrusion 
shows slight doming in the centre of the intrusion. This is also observed in other intrusions in 
the Bream area. 
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Figure 7: A: Plan view of RGB blend frequency decomposition (20, 30, 40 Hz) of the top of the volcanic 
vents complex near the Bream Field. B: Cross-section through intrusion sampled by well Bream-2, 
showing the different frequency response of the intrusion with regards to the coal layers.   
4.3 Characterisation of wireline logs 
Caliper (CALI), Gamma Ray (GR), Sonic (DT), Density (RHOB), Resistivity (LLD and LLS)  
and Photo-electric absorption factor (PEF) wireline logs for wells Kipper-1, Kipper-2, Kipper-
2A and Kipper-4A, have been interpreted to characterise the petrophysical signatures of 
igneous rocks. Subaerially extruded basalts formed in a continuous outpouring of lava (i.e. 
resulting in lava flows), can consist of several packages of lava surrounded by a chilled crust, 
called flow lobes (Self et al., 1997). Typically, fresh subaerially extruded basalt presents a log 
signature characterised by high density (> 2.6 g/m³), high p-wave velocity (Vp > 5 km/s), high 
resistivity, low gamma ray (< 10 API) and low porosity (15%). Chilled margins surrounding the 
fresh basalt show lower Vp, density and resistivity and higher porosities, aiding identification 
of separate flow lobes (Boldreel, 2006).  
Different extrusive facies have been interpreted for the different wells. Based on lower 
than average densities (2.4 – 2.7 g/m³) and wider than average caliper values (340 – 430 mm) 
due to washout or wall collapse, Kipper-1 has been interpreted to intersect a ~100 m section 
of hyaloclastite with high neutron values (up to 0.52) associated with clay bound water, 
whereas Kipper-2 is interpreted to intersect a mixture of lavas with higher, blockier densities 
than Kipper-1 and volcaniclastics. An example of log signature from well Kipper-1 and Kipper-
2 is provided in Figure 8 with increased photoelectric absorption factors (PEF > 5 B/BE) as 
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indication for the presence of the volcanic rocks. Although PEF is extremely sensitive to 
washout and mudcake buildup (McPhail, 2000), it still gives a good indication of the presence 
of igneous rocks in these wells.  
 
Figure 8: Examples of log signatures for Kipper-1 and Kipper-2. 
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4.4 Geochemistry 
Table 1 (Appendix C) shows the major and trace element analyses of 24 newly acquired 
samples combined with a previous dataset acquired by McPhail (2000) (AM-sample names, 
10 samples). Due to the weathered state of the samples, and in particular the cuttings, only 
major and trace elements have been analysed. All samples have been taken from within the 
Latrobe Group, except Garfish-1, which is the top of the Strzelecki Group. Petrographic 
analyses of core samples showed that the igneous lithologies recovered from the Bream-2, 
Bream-A15 and Tuna-4 wells are relatively fresh dolerites (also reflected in low Loss On 
Ignition (LOI), Appendix C - Table 1) and the Turrum-1 samples are basalts with varying degrees 
of alteration. Generally, a Nb/Y – Zr/Ti plot (Pearce, 1996) is less influenced by weathering 
than other plots as Zr/Ti remains constant during weathering (Nesbitt and Wilson, 1992). 
Although Nb/Y does increase slightly during weathering (Nesbitt and Wilson, 1992), the use 
of the plot in this case is still useful. This plot shows that the majority of the Gippsland Basin 
igneous samples fall within the alkali basalt field, with some samples in the basalt and andesite 
field (Figure 9). Due to the high SiO2-content (>80 wt%) of the samples from well Garfish-1 and 
two of the West-Moonfish-1 samples (>74 wt%), these are discarded from any interpretation.  
 




Mantle-normalized incompatible element diagrams of intrusions show that dolerite 
samples from the Bream and Tuna wells have a typical Oceanic Island Basalt (OIB)-like trace 
element signature. They are relatively enriched in the LREE and incompatible elements such 
as Ce, Y and Zr (Figure 10a). The analysed extrusive rocks (Emperor, Garfish, Kipper, Remora, 
Snapper, Sunfish, Turrum, Moonfish and West Moonfish) show a trace element signature 
similar to the Upper Continental Crust (Rudnick and Gao, 2003; Taylor and McLennan, 1985) 
(Figure 10b). Primitive mantle-normalized rare earth element diagrams show a similar divide 
between the samples, with the Bream and Tuna intrusions showing an OIB signature and 
extrusive rocks showing an Upper Continental Crust signature (Figure 10c-d).  
 
Figure 10: Mantle normalized incompatible trace element (A – B) and mantle normalized rare earth 
element plots (C – D) of sampled intrusive and extrusive rocks.  
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5. DISCUSSION 
5.1 Previous work on Kipper volcanic sequence 
Previous work on the Late Cretaceous Kipper volcanics has been conducted by 
O'Halloran and Johnstone (2001) and McPhail (2000). Using the G99A Kipper 3D seismic survey 
(acquired January 1999), O'Halloran and Johnstone (2001) were able to identify both extrusive 
and intrusive features near the Kipper field. They concluded that the extrusive lavas had 
variable thicknesses due to growth packages across west- to northwest-trending growth faults. 
O'Halloran and Johnstone (2001) proposed that these basaltic lava flows were fed through 
fissure-fed scoria cones and intrusive cone sheets feeding the overlying contemporaneous 
eruption centres. Samples taken from Campanian, Paleocene and Eocene volcanic intervals in 
exploration wells (Snapper-1, Bream-2, Bream-A15, Turrum-1, Remora-1, Kipper-2, Wirrah-2, 
Emperor-1, Sunfish-1) show that these igneous rocks consist of variably altered, fine-grained, 
glassy basaltic lavas (McPhail, 2000). The intrusive cone sheets described by O'Halloran and 
Johnstone (2001) are re-interpreted to be saucer-shaped sills, due to the sill radius exceeding 
sill height (H/R > 1: Haug et al. (2018)).  
5.2 Magmatic plumbing system of the Gippsland Basin volcanics 
Classic magmatic plumbing systems are generally portrayed as systems transporting 
magma from the earth’s mantle through the crust through vertical dykes, to finally extrude 
onto the paleosurface. Through the use of 3D seismic reflection data (e.g. Magee et al., 2016) 
and field studies however, this idea has been expanded towards the possibility of lateral 
magma flow within individual plumbing systems. Shallow magmatic systems (<3 km depth), 
and particularly those within sedimentary basins, are often characterized by laterally 
extensive, interconnected sill complexes (Magee et al., 2016; Schofield et al., 2015). Studies 
in the Møre and Vøring Basins off the Norwegian coast have demonstrated that sill complexes 
can transport melt from lower to mid crustal levels to near surface over distances greater of 
8-12 km, both vertically and laterally (Cartwright and Hansen, 2006).  
The Kipper Field volcanic system has previously been interpreted as being fissure-fed 
where dilational faults have acted as magma conduits (O'Halloran and Johnstone, 2001). Our 
interpretations however, indicate that the magma travelled from the deepest part of the basin 
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(Central Deep) towards the basin-bounding faults through increasingly shallowing levels of 
intrusions (Figure 4). These intrusions form an extensive complex covering a significant lateral 
distance of ~40 km, which represents one of the longest potential plumbing systems described 
based on seismic reflection data. The intrusions or sills are interconnected through faults in 
some parts and fed the Kipper extrusive sequences through shallow saucer-shaped intrusions 
in places (Figure 6). Part of the extrusive sequences is fed by magma that exploited an E-W 
trending fault north of the complex (Figure 6). 
The volcanic vents near the Bream Field however, do not share the same magmatic 
plumbing style as the Kipper Field volcanic system. Although seismic data quality is limited due 
to the presence of coal layers below the volcanic vents, a more vertical plumbing style is 
inferred. A few saucer-shaped sills, identified on RGB blends of frequency decomposition data 
and confirmed by core and cuttings samples, can be observed directly beneath the vents, 
however, delineation of these intrusions is difficult due to the coal layers (Figure 7B). Feeding 
of the sills and vents could have happened through dykes or faults acting as magmatic conduits, 
represented as vertical or near-vertical linear features on cross-sections. No evidence exists 
for an extensive sill complex implying lateral magma transport similar to the Kipper Field 
volcanic system. 
5.3 Timing and duration of extrusive volcanic activity in the Gippsland Basin 
Although the sampled core and cutting samples are not suitable for absolute age dating 
due to weathering, the age of extrusive activity can be constrained based on reported 
palynology (WCR) of sediments surrounding the intersected volcanic rocks in petroleum wells. 
Almost all of the sampled petroleum wells intersected extrusive rocks, with intrusive rocks 
limited to wells Whiting-1 and -2, Tuna-4 and Bream-2 and Bream-A15 among others. 
Palynology results of the intersected extrusive rocks indicate that the north-eastern part of 
the basin hosts the oldest extrusions of Turonian to Campanian age (T. lilliei – N. senectus 
palynomorphs – from WCR), whilst extrusive sequences appear to get younger along the fault 
system towards the west (Palaeocene to Eocene, L. balmei – lower M. diversus palynomorphs 
– from WCR) (Figure 11). Subsequent volcanism in the Eocene was located towards the centre 
of the basin, the Central Deep, with volcanic mounds and intrusions situated near the Bream 
field (upper M. diversus – P. asperopolous). This is in concordance with the riftward younging 
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of magmatism observed in other rift basins such as Baikal Rift (Kiselev, 1987) and the Ethiopian 
rift valley (Morton et al., 1979). Sailfish-1 intersects Miocene pyroclastic rocks in south-east of 
the basin (Figure 11). Due to its location and age, this volcanic activity is more likely to be 
related to Cenozoic magmatic activity in Tasmania (Meeuws et al., 2019) and Early Miocene 
basalts onshore Flinders Island (20 ± 2.7 Ma: Zwingmann et al. (2004)) rather than the 
Gippsland Basin.  
 
Figure 11: Age map of intersected extrusive rocks based on palynological dating of surrounding 
sedimentary rocks 
5.4 Chemical variability of extrusive and intrusive rocks 
All of the igneous samples analysed in this study fall within the ‘within plate basalts’ field 
of Pearce and Cann (1973), confirming a rift origin for the igneous rocks in the Gippsland Basin. 
A typical OIB-signature has been observed in the Bream and Tuna intrusions. This is in contrast 
to the UCC-signature observed in the extrusive samples from the remaining wells (Emperor-1, 
Kipper-2, Moonfish-1, Remora-1, Snapper-1, Sunfish-2, West-Moonfish-1, Wirrah-2 and 
Turrum-1). In order to fully understand the difference in trace element signature, any 
contamination or other issues due to the sampling of cuttings must be ruled out. Generally, 
interpretation of cutting samples can be problematic due to factors such as mixing of drill 
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cuttings from several depths, contamination by metal alloys used in drill bits and drill collars 
(e.g. Cu, Ni, Cr and Ta) and a bias towards the preservation of least altered primary igneous 
materials and more resistant alteration minerals and preferential loss of finer-grained and less 
resistant minerals (Fowler and Zierenberg, 2016). Whilst contamination is not observed in our 
samples, mixing of drill cuttings from several depths may obscure the true geochemical 
signature in some of the drill cutting samples. One possible explanation for the difference in 
signature between intrusive and extrusive samples is that the Bream and Tuna intrusions are 
significantly younger than the Campanian extrusions. The extrusive rocks penetrated by 
Bream-2 and Bream-A15 have been shown to be of Eocene age (Bream-2 and Bream-A15 Well 
Completion Report (WCR)), which most likely indicates a similar age for the intrusive bodies 
of this complex. However, for the intrusion penetrated by Tuna-4, which intruded into 
Campanian sediments, the age can only be constrained to be Campanian or younger. If the 
intrusion penetrated by Tuna-4 is younger than surrounding intrusions, then this would imply 
that the magmatic plumbing system has been established due to several magmatic pulses over 
time, where magma has travelled along existing and newly created pathways. Although this 
sample was relatively fresh (low LOI) compared to other sampled intrusions, additional 
analyses are needed to confirm this implied younger age of the intrusion penetrated by well 
Tuna-4.  
5.5 Differences and similarities of magmatism in sedimentary basins 
5.5.1 Meso-Cenozoic magmatism along the eastern Australian southern margin 
The crustal trace element signatures observed in the sampled extrusive rocks, is also 
observed in the Jurassic dolerites and Cretaceous igneous rocks of Tasmania (Everard, 2014; 
Hergt et al., 1989; Meeuws et al., 2019), particularly the Cretaceous dykes from Cape Portland 
(north-east Tasmania) and the Cygnet Alkaline Complex (south Tasmania) (Everard, 2014). The 
Cape Portland dykes have been dated at 91 ± 1 Ma (K/Ar, minimum age) to 103 ± 23 Ma (Rb/Sr) 
(Sutherland and Corbett, 1974) and 102.3 ± 2.6 Ma and 101.3 ± 2.6 Ma (K/Ar on hornblende 
phenocrysts (McDougall and Green, 1982)) and the Cygnet Alkaline Complex has been dated 
at 101 Ma (K/Ar on sanidine and biotite; Evernden and Richards (1962)) and 97 and 100 Ma 
(K/Ar on hornblende; McDougall and Leggo (1965)). Although the Cretaceous Tasmanian 
magmatism is older than the Campanian extrusive rocks in the Gippsland Basin, there is some 
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palynological evidence for Turonian activity in the northern part of the offshore Gippsland 
Basin (Figure 11) and Aptian activity onshore the Gippsland Basin (116.04 ± 0.15 Ma dolerite 
dyke Samsu et al. (2019)). The Eocene Bream volcanics and Tuna intrusive show an OIB 
signature which coincides with geochemical trace element signature of undersaturated 
Cenozoic lavas found in onshore Tasmania (Meeuws et al., 2019). Additional isotope work is 
necessary to investigate potential similarities between the igneous rocks occurring in the 
Gippsland Basin and Tasmania.  
The Bass Basin, adjacent to the Gippsland Basin, partly shares a similar rifting history 
with the Gippsland Basin but its magmatic plumbing network is quite different. Although some 
sills are present in the Bass Basin, most of them are not visible in seismic reflection data due 
to anomalously low acoustic impedance contrasts with surrounding sediments and the 
presence of coals within the EVCM in strata above many of the sills (Watson et al., 2019). The 
magmatic plumbing system of the Bass Basin has been interpreted to be sill- and or dyke-
dominated (Reynolds et al., 2018b), whereas the Gippsland Basin is sill-dominated. The Bass 
Basin hosts several magmatic vents (e.g. near the Yolla gas field (Holford et al., 2012; Holford 
et al., 2017; Reynolds et al., 2018b)), whereas only one vent is recognized in the Central Deep 
of the Gippsland Basin (near the Bream Field). In addition to the Bream vent, a pyroclastic vent 
of Miocene age is located on the southern flanks of the Gippsland Basin and has been drilled 
by well Sailfish-1 (Figure 11). Technically outside of the Gippsland Basin, the area around the 
Sailfish-1 well hosts several extrusive vents and lava flows on the same horizon, indicating a 
similar Miocene age. Due to their location and age, these magmatic cones may be more closely 
related to the onshore Tasmanian magmatism and Flinders Island, rather than the Gippsland 
magmatism.   
5.5.2 Magmatic plumbing system of rift basins along volcanic margins  
The volcanic NW European Atlantic rifted margin and the sedimentary basins it hosts 
have been well studied with regards to their magmatic activity and makes a potential 
interesting comparison with the Gippsland Basin. One of the basins, the petroliferous Faroe-
Shetland Basin (FSB), hosts a vast amount magmatic rocks and has been studied extensively 
(e.g. Boldreel, 2006; McLean et al., 2017; Schofield et al., 2015). In this basin, two trends have 
been observed in magmatic plumbing systems. In the Sissal sub-basin, the sills are fed away 
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from the NE-SW-trending bounding Sissal Basin fault, in a NW to SE direction. These sills climb 
mainly strata-bound towards the intra-basin high (Schofield et al., 2015). A second trend is 
observed within the northern Flett sub-basin, where magma flow directions diverge from the 
central axis of the basin and climb towards the bounding highs. This suggests that within the 
Sissal Basin, the magma input was located away from the Sissal Basin fault, whereas for the 
Northern Flett sub-basin, the magma input came from several zones running through the 
central axis of the basin (Schofield et al., 2015). Even though volcanic activity in the FSB post-
dates rifting (break-up at 55 Ma, with main volcanic event occurring at 55 – 52 Ma (Schofield 
et al., 2015)), the latter trend can also be observed in the syn-rift magmatism in the Gippsland 
Basin, with magma input originating in the centre of the basin, travelling towards the basin 
bounding faults over a significant horizontal distance, and subsequent post-rift magma 
travelling vertically (e.g. Bream Field).  
5.6 Implications for hydrocarbon exploration and development 
The Kipper Field forms an example of a field where igneous rocks have formed an 
important element of the petroleum system. The top seal for the Kipper field consists of the 
extrusive sequences mapped in this work. It consists of mafic extrusive rocks, most likely 
basalt based on mineralogy (plagioclase and pyroxene) and has a thickness of 96 m in Kipper-
1, 141 m in Kipper-2, 113.2 m in Kipper-A2 and 121 m in Kipper-A4, with Kipper-1 located 
closest to the crest of the trapping structure (from Kipper-1, -2, -A2 and –A4 WCR). Even 
though well log interpretations indicate that the extrusive rocks are more weathered and 
thinner in Kipper-1, they are still capable of holding a 328 gross gas column and a 14 m gross 
oil leg. Full closure is formed by a sealing fault to the north of the Kipper Field in addition to 
the top-sealing volcanics. Similar plays are possible in other areas such as East Pilchard-1 and 
Remora where basalt is overlying reservoir-quality sandstones containing hydrocarbons. 
Further investigations of the igneous rocks in the Gippsland basin could lead to additional 
successful sub-volcanic plays.  
The reservoir for the main gas column and oil leg consists of the fluvio-deltaic sands of 
the Golden Beach Group, with an average porosity of 18% (from WCR). In Kipper-1, this 
reservoir is mainly sandy in nature while in Kipper-2, the reservoir consists of interbedded 
sandstone, siltstone and coal packages with a Net-to-gross of 34% (Sloan et al., 1992). Kipper-
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1 has been interpreted to intersect fluvial channel systems while Kipper-2 has intersected the 
channel flanks and overbank deposits (Sloan et al., 1992). Vitrinite reflectance and Thermal 
Alteration Index (TAI) measurements on kerogens above and below the extrusive sequences 
suggest the presence of the extrusions has not caused any heating effects on the immediately 
underlying reservoir (from WCR). Reservoir quality decreases with depth, which is attributed 
to the increase of sedimentary matrix within the sandstone and not due to diagenetic cements 
(from WCR).  
The effects of magmatic activity on hydrocarbon compositions is highly variable (e.g. 
Holford et al., 2013; Holford et al., 2012; Meeuws et al., 2016b). Large concentrations of CO2 
(some exceeding 30%) have been found in gas fields closely distributed along or immediately 
south of the Rosedale fault with concentrations increasing from west to east (O'Brien et al., 
2008). Carbon isotopes of the CO2 present indicate a magmatic origin (Boreham et al., 2001) 
and CO2 concentrations seem to coincide with the higher concentration of igneous rocks along 
the Rosedale fault.  The increase of CO2 from west to east along the Rosedale fault gases 
coincides well with the observed increase of age and fractionation, where more fractionated 
and younger magmas contain lower concentrations of volatiles. In addition to CO2, mercury 
(Hg) was found in the Kipper reservoir fluids (Black and Saunders, 2018) which may be of 
magmatic origin (Schutter, 2003).  
6. CONCLUSIONS 
Though the Gippsland Basin has been extensively studied for decades, the role of 
magmatism in the geological history of the basin has been largely overlooked. In this paper 
we have shown that the Gippsland Basin hosts a significant amount of igneous rocks, which 
have in places influenced the distribution of hydrocarbons. Of all 318 exploration wells drilled 
in the basin, 46 (~14.5%) have intersected both intrusive and extrusive mafic igneous rocks of 
Campanian to Middle Eocene age. The encountered igneous rocks consist mainly of basalts 
and dolerites with varying degrees of weathering. In this study we have mapped 181 intrusions 
and several lava flows near the Kipper Field and a volcanic cone complex overlying 5 intrusions 
near the Bream Field (west). Intrusions are mainly saucer-shaped while some are layer-parallel.  
Magma in the Gippsland Basin has been demonstrated to travel as sills from the Central Deep 
towards the basin bounding faults in the north and south, where it extruded onto the surface. 
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This magma travelled both vertically (3 sec TWT) and horizontally (> 40 km). This implies that 
magma sources are not necessarily situated directly below the end product of the magmatism 
as is commonly believed. The magmatic plumbing network observed here has been 
established over several magmatic pulses starting from the Campanian to the Eocene, with 
extrusive activity getting younger and more fractionated along the Rosedale fault towards the 
west. A second magmatic plumbing style has been observed near the Bream Field (west), 
where a Middle Eocene volcanic cone complex can be observed. This complex is fed by 
underlying intrusions and vertical to near-vertical faults or dykes.  
Trace elements of sampled Cretaceous extrusive rocks show an upper continental crust 
signature similar to Cretaceous volcanics onshore Tasmania. An Eocene-age dolerite sill near 
the Bream Field (Bream-2) and a dolerite sill near the Tuna Field (Tuna-4) show an Oceanic 
Island Basalt signature similar to the Cenozoic basalts onshore Tasmania. Further geochemical 
analyses such as Sr-Nd-Pb isotopes and absolute age dating techniques are needed to fully 
unravel this geochemical signature.  
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ABSTRACT 
Magmatic activity in hydrocarbon-bearing basins has both detrimental and beneficial 
impacts on prospectivity. In order to mitigate risks associated with increased exploration along 
magma-poor continental margins such as the southern Australian margin, a good 
understanding of magma transport within sedimentary basins is imperative. The use of three-
dimensional (3D) seismic data delivers the necessary insight in magma transport through 
sedimentary basins. This study uses a combination of 3D and 2D seismic data to describe the 
magma plumbing styles of the Bass Basin. Regional mapping indicates that in this basin at least 
10 pulses of magmatic activity occurred spanning the Cretaceous to the Miocene. Older 
magmatic activity occurred near major faults at the basin edges, with younger activity 
focussed in the basin centre. A southward younging trend can be observed within the younger 
magmatic activity. This is in concordance with southward younging trends observed onshore 
mainland Australia, due to the northward movement of the Australian plate. Major and trace 
element geochemistry of sampled extrusions and intrusions show strong similarities with 
Cenozoic magmas found in onshore Tasmania and Victoria, with an Oceanic Island Basalt (OIB) 
signature present in the majority of the Bass igneous rocks.  
1. INTRODUCTION 
Increasing levels of hydrocarbon exploration along continental margins such as the 
southern Australian margin has led to growing recognition of the variably detrimental and 
beneficial impacts of magmatic activity on prospectivity (Holford et al., 2012; Rateau et al., 
2013; Schutter, 2003), though the processes by which magma is transported through 
sedimentary basins are poorly understood (Schofield et al., 2015). The Bass Basin is located 
on the Australian southern passive margin, which originated due to Gondwana break-up and 
the separation of Australia and Antarctica (Norvick, 2005; Norvick and Smith, 2001). Although 
described as a ‘non-volcanic’ margin, the Bass Basin contains a substantial record of largely 
undescribed Cretaceous-Cenozoic magmatic activity (Meeuws et al., 2016b; Reynolds et al., 
2018b). The presence of igneous rocks in petroliferous basins such as the Bass Basin 
represents a key uncertainty that must be quantified due to the detrimental effects that 
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magmatic activity poses to source and reservoir rock quality (e.g. Holford et al., 2012; Schutter, 
2003).  
Previous studies of magmatism in the Bass Basin have been largely local in nature, 
focussing mainly on the Miocene magmatism in the Yolla 3D and Labatt 3D seismic surveys 
(Holford et al., 2017; Reynolds et al., 2018b; Velayatham, 2019). These studies demonstrated 
that the Cape Wickham sub-basin of the Bass Basin hosts three separate phases of volcanic 
mound construction between approximately 20 – 16 Ma (Reynolds et al., 2018b). These 
volcanic mounds are interpreted to be monogenetic volcanoes composed of hyaloclastite 
and/or pyroclastic rocks emplaced during submarine volcanic eruptions (Reynolds et al., 
2018b). Thirteen dykes with a roughly north-south direction have been identified in the Labatt 
3D survey (Velayatham, 2019) which were previously interpreted as strike-slip structures 
(Cummings et al., 2004). Sills present in the Labatt 3D survey are associated with dykes 
(Velayatham, 2019), indicating a dyke-dominated plumbing system of igneous activity. To date, 
there have been no regional studies of the igneous activity in this basin. Here we will present 
seismic interpretation results from the Cape Wickham Sub-basin of the Bass Basin to 
determine the spatial and temporal distribution of Cretaceous-Cenozoic volcanism. 
Additionally, geochemical analyses of recovered igneous rocks allow for a comparison of trace 
element signatures with nearby magmatism in the Gippsland Basin, onshore Tasmania and 
onshore Victoria (Newer and Older Volcanic Provinces).  
2. GEOLOGICAL SETTING 
The Australian southern margin originated due to the separation of Antarctica and 
southern Gondwana. This separation created several east-west trending rift basins, such as 
the Bight Basin, Otway Basin, Bass Basin and Gippsland Basin along the Australian southern 
margin (Figure 1). Rifting commenced in the west during the Middle-Late Jurassic, progressed 
eastwards and finally resulted in break-up during the Campanian in the Bight Basin to the west 
and during the Maastrichtian in Otway Basin to the east (Blevin, 2003). Due to the locus of 
rifting shifting southwards towards the Sorell Basin, west of Tasmania, the Bass Basin 
experienced extensional deformation but did not evolve into a passive margin basin. The 
structural style of the Bass Basin ranges from a graben to half-graben, showing large scale 
offset along NE and SW dipping normal faults and with tilted Palaeozoic and Proterozoic 
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basement blocks (Blevin et al., 2005) (Figure 2). This graben and half-graben allow for a 
subdivision into the Durroon sub-basin in the east (series of half-grabens) and the Cape 
Wickham sub-basin in the west (graben).  
The section below summarizes the stratigraphy of the Bass Basin. The Barremian to 
Albian Otway Group is composed of volcanolithic sandstone and slightly carbonaceous 
siltstone interbedded with rare conglomerate and thin coal seams (Williamson et al., 1985), 
which is overlain by the Eastern View Coal Measures (EVCM) successions. The Lower EVCM 
(Durroon Formation in the Durroon Sub-basin) contains slightly carbonaceous mudstones and 
shales in a fault-barred, deep-water lacustrine environment (Brincat, 1992). The Middle EVCM 
consists primarily of silty shales with thin sandstone interbeds, passing upward into coal-rich 
and then sand-rich sequences. The Middle EVCM developed in a major fluvial system with 
associated wave-dominated delta systems prograding out into a restricted embayment or 
large lake (Suttill, 1995). The Upper EVCM is deposited during of the lower Eocene and was 
controlled by thermal sag where the environment was dominated by tide-dominated delta 
systems consisting of a complex mixture of distributary channels, strandline sand bars, peat 
swamps and shallow lagoons (Baillie and Bacon, 1988). The EVCM is conformably overlain by 
the thin, but laterally extensive upper Eocene Demons Bluff Formation, which represents the 
first major transgressive marine unit, consisting of fine-grained carbonaceous shales and silts 
with abundant secondary pyrite and carbonate (Williamson et al., 1985). The Demons Bluff 
Formation grades into coarser facies of medium to coarse-grained sandstone units towards 
the Durroon Sub-basin. The Oligocene to Pliocene Torquay Group (~450-1000m thick) overlies 
the Demons bluff Formation and consists of a lower section of calcareous shales and marls, 
grading upwards into a sequence of bioclastic limestones, ranging in age from Miocene to 




Figure 1: Digital Elevation Model of the Australian southern margin with location of the Bass and 
Gippsland Basin discussed in this paper and the orientation of extension. Green arrows indicate Late 
Jurassic (Callovian to early Berriasian), NW-directed extension. Red arrows indicate Early Cretaceous 
(early to mid-Berriasian to latest Barremian), NNE-directed extension. Purple arrows indicate Late 
Cretaceous (Turonian to Mid-Campanian), NNE- to NE- directed extension in the Gippsland and Bass 
Basins and Turonian to Late Maastrichtian, NNE- to NE-directed extension in the Otway, Sorell and Bass 
Basin (Meeuws et al., 2016b). 
Although classified as a non-volcanic margin, magmatism was prevalent during the 
Meso-Cenozoic both onshore and offshore the southern Australian margin and the Bass Basin 
is no exception to this (e.g. Holford et al., 2012; Meeuws et al., 2016b and references therein) 
(Figure 3). Several episodes of magmatism are recognized within exploration wells and are 
linked to late-stage rifting processes (Ball et al., 2013), related to a mantle plume (Davies et 
al., 2015) or shear- and edge-driven mantle convection (Meeuws et al., 2016b). The volcanoes 
are mostly described as monogenetic in origin, and range from Jurassic to Holocene in age 
(Cas et al., 1993; Johnson, 1989). Apart from the volcaniclastic sediments in the Otway Group 
described earlier, the oldest igneous rocks have been found in the Middle Cretaceous Otway 
and Durroon Megasequences (Figure 3), consisting of highly weathered, amygdaloidal basalt, 
representing flows, mounds and cones, associated with large normal faults in the Durroon 
Sub-basin (Blevin, 2003). A following phase of Late Cretaceous to Palaeocene magmatism 
(Bass Megasequence, Figure 3), although poorly constrained due to overlying coal layers, is 
represented by lavas and intrusive rocks in the central and northeastern parts of the Bass 
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Basin (Blevin, 2003). The composition of these variably altered amygdaloidal basaltic flows 
ranges from alkali olivine basalt, to basanite and picrite (Blevin, 2003). Subsequent 
magmatism during the Oligocene to Miocene (Torquay Megasequence, Figure 3) was most 
extensive, expressed as volcanic mounds, vents, lava flows and intrusive sills and dykes (Blevin, 
2003; Cummings et al., 2002; Lennon et al., 1999).  
  
Figure 2: A: Seismic line 90-27 (normal SEG polarity. Bass Basin, Cape Wickham sub-basin regional 
cross-section with igneous features indicated in red. B: Seismic line 82-302 (normal SEG polarity). Bass 
Basin, Durroon sub-basin regional cross-section (from Meeuws et al. (2016b)). Location of seismic lines 




Figure 3: Mesozoic to recent tectonostratigraphic chart for the Bass and Gippsland Basin, with 
indications of magmatic events with corresponding sampled wells, picked seismic horizons (EVCM = 
Eastern View Coal Measures), and palynological zones discussed in the text (modified from Meeuws et 
al., 2016b)  
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3. DATA AND ANALYTICAL METHODS 
3.1 Seismic data and resolution 
This study uses several time-migrated 3D and 2D seismic reflection surveys which are 
mainly located in the Cape Wickham Sub-basin unless otherwise mentioned: 2D survey 
acquired by 3D Oil (TDOB08 – Durroon Sub-basin), Bass Strait 2D, Chappell 3D, Bass Cue 08 
2D, Bass Strait Oil 2D (BOBS08 - Durroon Sub-basin), Dalrymple 3D, Peejay 2D and 3D, 
Shearwater 2D and 3D, Silvereye 3D, Targa 2D and Torquay 3D survey (Torquay Sub-basin of 
the Otway Basin) (Figure 4). These surveys cover approximately ~15000 km² and image down 
to 6 s TWT. 3D surveys have a bin spacing of 25 x 12.5 m with the exception of Peejay3D (25 x 
25 m).  Downwards increases of acoustic impedance (e.g. transition from a sedimentary rock 
into a high density volcanic rock) are generally visualised by a blue reflector unless otherwise 
indicated. Downwards acoustic impedance decreases (e.g. transition from a high density 
volcanic rock into a sedimentary rock) are visualised as a red reflector unless otherwise 
indicated.  
Seismic resolution of the data changes greatly across and within the surveys. For 
example, in the Peejay3D survey the dominant frequency of the seismic data between 1.0 – 
1.2 seconds TWT (Angahook Formation of the Torquay Group) is 36 Hz and drops down to 31 
Hz between 1.6 – 1.7 seconds TWT (Middle EVCM). Sonic logs from the Peejay-1 well indicates 
that seismic velocity between 1.0 – 1.2 seconds TWT is approximately 2500 m/s, which gives 
a vertical resolution of approximately 17 m and a detectability of ca. 8.5 m and seismic velocity 
between 1.6 – 1.7 seconds TWT is 3300 m/s, resulting in a vertical resolution of 26 m and 
detectability of ca. 13 m. Frequencies in the Shearwater3D survey are 45 Hz between 0.5 – 0.6 
s TWT, 42 Hz between 0.65 – 0.85 s TWT and 28 Hz between 1.7 – 1.9 s TWT, resulting in 





Figure 4: Overview of the Bass Basin with location of 3D and 2D seismic data surveys and locations of 
petroleum wells.  
3.2 Seismic interpretation strategy  
Seismic interpretation of extrusive and intrusive features is mainly focussed in the Cape 
Wickham Sub-basin of the Bass Basin. The interpretation of intrusive features is based on their 
tendency to cross-cut stratigraphy, their laterally discontinuous nature and high seismic 
amplitudes (Smallwood and Maresh, 2002).  
Extrusive horizons were identified based on the seismic volcanostratigraphy and seismic 
geomorphology techniques of Planke et al. (2000) and Planke et al. (2017) respectively. Each 
top of the extrusive complex was picked, interpolated and smoothed. Conventional seismic 
attribute analyses, such as amplitude, time and envelope, were used to delineate the extent 
of the extrusives. Spectral decomposition frequency blends were created for some of the 3D 
surveys and High Definition Frequency Decomposition (HDFD) RGB blends were created to 
identify igneous rocks located within coal layers and aid better visualisation of intrusions and 
extrusions.  
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The extrusives mapped in this work occur at several stratigraphic levels within the 
Miocene to Eocene succession of the Bass Basin (Figure 5). Reynolds et al. (2018b) mapped 
three of these levels (TV1 – Top volcanic succession Yolla3D ca 20 Ma, TV2 – Top volcanic 
succession Labatt3D ca 16 Ma, TV3 – Top volcanic succession Bass-1 well ca 15 Ma) in the Yolla 
and Labatt 3D surveys. Expansion of the study area in this work has allowed for the recognition 
of additional levels: TV4 (Top volcanic succession Shearwater3D survey, ca 14 Ma) and levels 
coinciding with the Upper N. asperus  (ca 34 Ma) zone, Top Demons Bluff formation (ca 36 Ma) 
and Top Eastern View Coal Measures (ca 38 Ma). Each of these horizons has been tied to 
palynological data available from Well Completion Reports (WCR) from petroleum wells 
Tilana-1, Cormorant-1, and Bass-1.  
 
Figure 5: 2D seismic line through wells Cormorant-1, Bass-1 and Yolla-1, connecting the Labatt and Yolla 3D survey 
with indication of mapped horizons TV1-4 (modified from Reynolds et al. (2018b)). 
3.3 Geochemical data 
Cutting samples were collected from igneous rocks intersected by 17 exploration wells 
in the Bass Basin. Drill cutting samples have been ultrasonically washed and igneous lithologies 
have been separated and powdered using a mortar and pestle. These powders have then been 
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analysed using ICP on mixed acid digest using a lithium borate fusion at Bureau Veritas 
Adelaide (Appendix D - Table 1).  
Unpublished geochemical data, analysed by Geoscience Australia (GA) in 2003, and 
geochemical data found in well completion reports (WCR) of corresponding petroleum wells 
have been added to this dataset. Analyses carried out by GA were performed on hand 
specimens (HS) and cutting samples. Samples were powdered and analysed for major and 
trace elements using X-ray fluorescence (XRF) at the Australian National University (ANU), 
Canberra.  
4. RESULTS 
4.1 Seismic interpretation of igneous features 
4.1.1 Distribution and age of igneous rocks 
A total of 126 igneous features have been mapped within the Bass Basin, with focus in 
the Cape Wickham Sub-basin. This magmatic activity is mainly focussed near major fault zones 
(Figure 6). However, this is likely an underestimate of the number of igneous bodies in the 
basin due to various factors including: gaps in seismic data coverage (e.g. near the Pelican 
wells), the increased difficulty of interpretation of igneous rocks in 2D seismic data compared 
to 3D seismic data, masking of igneous materials by overlying coal layers and or anomalously 
low acoustic impedance contrasts between igneous rocks and surrounding sedimentary 
sequences in the Bass Basin (Watson et al., 2019), and seismic resolution causing intrusions 
thinner than a certain thickness to be invisible (see section 3.1 for example numbers).  
Of the 126 igneous features, 41 features were interpreted as extrusions, 58 as intrusions 
and a remaining 27 igneous bodies where the intrusive or extrusive nature is not clear due to 
their layer-parallel character and/or lack of 3D data. Extrusive features mainly consist of 
volcanic vents (33) with areas ranging between 0.5 - 316 km² and a few lava flows (6) with 
areas ranging between 23 – 804 km², with 28 extrusives smaller than 100 km². Intrusions are 
either layer-parallel or saucer-shaped and have an area of 1 – 90 km² with 53 intrusions 
smaller than 40 km². Within the interpreted 3D surveys, 6 out of 14 extrusions have been fed 
by underlying intrusions and 8 out of 15 have been fed by dykes.  
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Volcanic activity is not synchronous across the Bass Basin and volcanic vents occur at 
different stratigraphic levels. Igneous features mapped along the 10 interpreted igneous 
horizons allowed for a broad indication of spatial and temporal variation in extrusive activity 
in the basin (Figure 6). Although palynological data of sediments at the TV1 – TV4 depth is 
scarce as it does not intersect the main petroleum-bearing sequences, a rough age can be 
determined for the TV1 – TV4 horizons (Figure 3 and Table 2). According to these mapped 
ages, two trends can be observed in the distribution of the volcanic activity. The first trend 
observed is that the oldest magmatic activity is concentrated along the basin edges, near 
major faults (Teasdale, 2004). The second trend shows younger activity towards the centre of 






Figure 6: Mapped extrusions and intrusions in the Bass Basin and Torquay Sub-basin with indication of 
interpreted seismic ages and available K-Ar ages (Baillie, 1986; Cornell et al., 1986; Everard, 2014; 
Sutherland et al., 1996; Sutherland and Wellman, 1986; Wheeler and Kjellgren, 1986) and detailed inset 
showing southward younging trend in volcanic activity.  
4.1.2 Magmatic styles of the Bass Basin 
4.1.2.1 Examples of magmatic styles in the Shearwater3D survey 
The Shearwater3D survey contains several magmatic features at different depths. It contains 
16 magmatic vents and lava flows at levels TV4 and TV3, which are variably dyke-fed or fed by 
two underlying saucer-shaped sills. These two saucer-shaped sills have an area of ~8.9 km² 
with a diameter of 2.6 – 3.0 km and have each caused a forced fold within the overlying 
sedimentary rocks. A peak event defining the onlap surface of the forced folds coincides with 
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horizon TV4, indicating a TV4 age for these intrusions, which is the same as the age of the 
shallowest volcanic vents in this survey. The saucer-shaped intrusion in the north-west of the 
survey has been found to feed 4 vents, which are located above the edges of the intrusion. 
The intrusion in the south-west of the survey has been found to feed two overlying vents. An 
older sequence of extrusive vents in this survey coincides with horizon TV3 (± 0.15 s TWT 
deeper). Several dykes are identified in this survey based on their orientation, crosscutting 
relationships and the lack of evidence for vertically offset reflections across them. These dykes 
are likely feeding several volcanic vents in this survey (Figure 7). Forced folding is not limited 
to the intrusions present in the Shearwater 3D survey, with 6 intrusions of interpreted TV4 
age, located south of Shearwater 3D.  
 
Figure 7: Left: Time slice at 0.5270 s TWT (± TV4 horizon) of survey Shearwater3D, showing volcanic 
vents (circular features) lined up with mapped dyke (red stipple line). Right: Time slice at 0.712 s TWT 
(± TV3 horizon) of survey Shearwater 3D, showing location of arbitrary line (Figure 8) through several 
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Figure 8: Arbitrary line through several magmatic features present in the Shearwater3D survey. Top: 
uninterpreted seismic line, bottom: interpreted seismic line.  See Figure 7 for location.  
4.1.2.2 Examples of magmatic styles in the Peejay3D survey 
The Peejay3D survey contains an extremely shallow sill complex (50 - 100 m below 
paleo-seabed) which extrudes onto the paleo-surface as lava flows (Figure 9). Several smooth 
bodies, with convex-down and planar lobes in seismic cross-section (Figure 9 A-A’ and B-B’) 
are interpreted as compound intrusions as described by Reynolds et al. (2017). These 
intrusions have been intruded concordant to the country rock (Squid Sandstone within the 
Torquay Group) at a depth of roughly 50 - 100 m below the paleo-seabed. Similar compound 
sills have been observed in the Bight Basin towards the west of the Australian southern margin 
(Reynolds et al., 2017). A single elliptic feature with steep edges is observed in one of the 
larger sills (Figure 9, sill 2). This feature is interpreted as being a “maar”, a shallow volcanic 
crater, with dimensions of 930 – 600 m for long axis. A ‘broken bridge’ (Schofield et al., 2012) 
can be observed between sill 1 and sill 2, where the two sills are joined together and the bridge 
of host rock in between underwent brittle failure during magma propagation and vertical 
inflation. Several lava flows can be identified and are characterised by their irregular or 
mottled appearance and smaller convex-down seismic reflections in cross-section (Figure 9 A-
A’). The southernmost igneous body is interpreted as a sill (smooth seismic reflector) which 
travels northwards and surfaces as a lava flow (rough seismic reflector). A 600 – 550 m wide 
connection is present between the southern and northern lava flow. In seismic cross-section, 
this connection is characterised by convex-up reflections, indicating a dome structure 
(possible lava tube) and is covered by what looks like flow ridges (± 100 m spacing) in the RGB 
blend (Figure 9), indicating the direction of flow. Peejay-1, an exploration well in this survey 
does not intersect this complex but has however intersected a deeper sill present in the 
Eastern View Coal Measures in the Palaeocene L. balmei section (Figure 9 C-C’). Somewhat 
higher amplitudes than those of surrounding sediments suggest the location of the sill, 
however, without penetration of the well, it would have been difficult to predict due to the 
presence of overlying coal layers acting as a seismic transmission filter. Similar cases in the 
Bass Basin of coals masking underlying reflectors (e.g. Flinders-1) have been demonstrated by 
Watson et al. (2019). The strata above the sampled intrusive in the Peejay-1 well show doming 
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which could be caused by forced-folding due to the emplacement of the intrusion. Forced 
folding above the shallow intrusions is not observed in this dataset. 
The seismic signature of the igneous rocks imaged in the Peejay 3D survey is very similar 
to igneous rocks mapped in the southwestern part of the Durroon Sub-basin, suggesting a 
similar shallow sill complex is present in this area. 
 
 




Figure 9: RGB blend of frequency decomposition map (R: 20 Hz, G: 30 Hz, B: 40 Hz) with direction of 
flow (red arrows) and location of cross sections A-A’ and B-B’ (top) and opacity rendered 3D view 
(bottom) of igneous rocks found in the Peejay3D survey, illustrating the shallow nature of the sills 
complex.  
4.2 Geochemistry 
Table 1 (Appendix D) shows major and trace element analyses of newly acquired 
samples (FM) combined with analyses conducted by Geoscience Australia (GA) and analyses 
found in well completion reports (WCR). Due to the varying weathered state of the samples, 
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a Nb/Y – Zr/Ti plot (Pearce, 1996) is used as Zr/Ti remains constant and Nb/Y increases only 
slightly during weathering (Nesbitt and Wilson, 1992) (Figure 10). This plot shows that igneous 
samples mainly fall within the alkali basalt field, with some occurrences in the basalt to basaltic 
andesite and trachyandesite field. Due to high SiO2 content (> 80 wt%) samples from well 
Silvereye-1 have been excluded from any interpretations.  
 
Figure 10: Nb/Y versus Zr/Ti plot of analysed samples for this study (FM) and previously analysed 
samples by Geoscience Australia (GA) and found in well completion reports (WCR). 
Mantle-normalized incompatible element diagrams show large variability between 
samples (Figure 11). Due to the weathered state of the samples, mobile elements such as Cs, 
Rb, Ba, K, Pb and Sr have been removed from incompatible element diagrams to facilitate 
interpretation (Figure 11 C-D). Generally, samples show an Oceanic Island Basalt (OIB) 
signature, with some samples displaying an enrichment in heavy rare earth elements (HREE) 
(Figure 11 A, C and E). Samples from wells Yolla-1, Yolla-2, Yolla-3 and Silvereye-1 (> 80 wt% 
SiO2) show a very distinct Upper Continental Crust (UCC) signature (Figure 11 B, D and F). This 
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5. DISCUSSION 
We have described a large number of igneous intrusions and extrusions of Cretaceous 
to Miocene age buried within the syn- and post-rift successions of the Bass Basin offshore 
south-eastern Australia. Findings are that Cretaceous to Eocene magmatic activity mainly 
occurred near major faults along the basin edges, whereas younger Miocene magmatic 
activity occurring in the centre of the Cape Wickham Sub-basin shows a southward younging 
trend similar to onshore volcanism in Eastern Australia.  
5.1 Previous work on magmatic activity in the Bass Basin 
Previous work by Reynolds et al. (2018b) in the Labatt 3D and Yolla 3D survey indicated 
the presence of volcanic vents of Miocene age which either form linear rows or occur as 
isolated vents. When occurring on a row, these vents onlap against each other in a northerly 
direction (Reynolds et al., 2018b), this would suggest a southward younging trend in 
agreement with the large scale younging trend observed in the Cape Wickham Sub-basin 
(Figure 6). Three quarters of the isolated vents are most likely fed by magma that has exploited 
normal faults and sills are only found beneath 8% of the isolated vents within the Labatt 3D 
survey (Reynolds et al., 2018b). These sills are either saucer or layer-parallel shaped with a 
diameter of 2 – 4 km and do not form interconnected complexes with adjacent sills. The 
remaining 92% of vents in the Labatt and Yolla survey do not show evidence for the presence 
of sills beneath the vents (Reynolds et al., 2018b). Velayatham (2019) identified 13 dykes 
within the Labatt 3D survey. All of the interpreted sills here in this study are associated with 
dykes interpreted by Velayatham (2019) and the vents interpreted by Reynolds et al. (2018b) 
seem to coincide with the presence of dykes (Figure 12). 
Reynolds et al. (2018b) did not observe any evidence for forced folding above the sills in 
the Labatt and Yolla surveys, in the Shearwater 3D survey however, we have interpreted 
forced folding above two sills with TV4 age. Out of the 48 igneous bodies that have an assigned 
age, 22 (~45.8%) fall within the TV4 age group, compared to 6 for TV3, 4 for TV2 and 9 for TV1. 




Figure 12: Overview of mapped vents on top of TV2 surface time map (from Reynolds et al. (2018b)), 
location of dykes (red lines) (from Velayatham (2019)) and sills mapped in this study. 
5.2 Age of volcanic activity 
The age progression of magmatism from the edges of basins towards their centres has 
been demonstrated in rift basins such as the Main Ethiopian Rift, the Baikal Rift or Chaine des 
Puys (Maccaferri et al., 2014 and references therein) and the nearby Gippsland Basin, where 
Cretaceous magmatism is mainly located near the basin bounding faults in the north and south 
and middle Eocene magmatism is observed in the centre near the Bream Field (Chapter 3). 
The southward younging trend in the centre of the Cape Wickham sub-basin however has not 
been observed in any of the nearby offshore basins, such as the Gippsland Basin (Chapter 3) 
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and the Bight Basin (Reynolds et al., 2018a). Interestingly, a similar southward younging trend 
is observed in the Central volcanoes and Leucitite provinces (Davies et al., 2015; Wellman and 
McDougall, 1974) of the Eastern Australian Volcanic Province. These southward younging 
trends have previously been explained by the Australian continent moving northwards over 
stationary hot mantle upwellings, or plumes, with activity occurring where lithospheric 
thicknesses are below 150 km (Davies et al., 2015). Using these hotspot trails and the age of 
magmatic activity, it has been derived that the Australian plate is moving northwards at a rate 
of 57 ± 4 km/Ma between 23 – 16 Ma (Cohen et al., 2013). Based on our rough calculations, 
the rate of southward younging in the centre of the Cape Wickham basin ranges between 35 
– 50 km/Ma, which is slower than the quoted rate by Cohen et al. (2013). , however, due to 
the great uncertainty on the age of the extrusive activity using seismic data and palynology, 
no firm conclusion can be made. It is worth noting that the youngest igneous rocks in onshore 
Tasmania are located at the Nut or Circular Head, a porphyritic basaltic volcanic neck (8.5 Ma: 
Baillie (1986)), which is located exactly south of the mapped southward younging trend (Figure 
6), so it is possible that this location forms the last representation of this hotspot trail.  
5.3 Magmatic plumbing styles of the Bass Basin 
The magmatic plumbing style of the Bass Basin is mainly dominated by dykes and either 
by large saucer-shaped sills which have caused forced-folding of overlying sediments as seen 
in the Shearwater 3D survey (section 4.1.1) or sills which do not exhibit any forced folding. 
Smaller size sills are difficult to recognize due to several facts such as anomalously low acoustic 
impedance contrast between igneous rocks and surrounding sedimentary sequences, and the 
occurrence of masking coal-layers above the igneous rocks (Watson et al., 2019). The extrusive 
component of igneous activity in the Bass Basin mainly consists of volcanic vents and lava 
flows (see section 4.1.2 for an example).  
5.3.1 Comparison of magmatic styles to the neighbouring Gippsland Basin 
Although adjacent to each other, the Bass and Gippsland Basin only partly share their 
geological history. The eastern Cape Wickham Sub-basin is geologically more closely related 
to the nearby Otway Basin as they have been subjected to stresses associated with the final 
stages of separation between Australia and Antarctica and therefore the opening of the 
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Southern Ocean, while the western Durroon Sub-basin is more closely related to the Gippsland 
Basin due to stresses associated with the break-up of eastern Gondwana and opening of the 
Tasman Sea (Meeuws et al., 2016). Both basins contain a mixture of both extrusive and 
intrusive igneous rocks, however the observed magmatic style and age are quite different, 
with igneous activity in the Bass Basin generally being much younger. Before comparing the 
magmatic plumbing styles of both basins, it should be noted that large-scale interpretations 
of the Gippsland Basin are possible due to the availability of the large merged 3D seismic cube 
(Chapter 3) which covers the main part of the Gippsland Basin. The Bass Basin however, only 
has a few 3D seismic surveys available with 2D seismic data filling the gaps, which hinders a 
full 3D understanding of possible large-scale plumbing networks in the basin. 
Table 3 shows the main magmatic differences and similarities between the Bass and 
Gippsland Basin. Magma transport in the Bass Basin is dyke-dominated whereas faults and 
sills are responsible for the transport in the Gippsland Basin. Seismic data in the Bass Basin 
has shown that magma is mainly transported through dykes without evidence of a large 
interconnected sill network, which is in contrast to the Gippsland Basin, where a large sill 
complex spans a lateral distance of over 40 km (see Chapter 4) and is most likely responsible 
for magma transport in the shallow crust. The extrusive component of the magmatic activity 
in the Bass Basin consists of volcanic vents with occasional lava flows, however, the 
occurrence of lava flows might be underestimated due to the more straightforward 
interpretation of vents over lava flows in 2D seismic data. The Gippsland Basin however, 
predominantly contains lava flows and has only a single reported volcanic vent complex near 
the Bream Field in the centre of the basin and a Miocene volcanic vent on the south-eastern 
edge of the basin (Chapter 4). Though the density of sills is different, the intrusive features of 
both basins are quite similar, with both saucer-shaped and layer-parallel sills occurring. In 
addition, the Bass Basin contains several shallow sills which have caused forced folding of 
overlying sediments, whereas the Gippsland Basin does not show forced folding above any of 
its sills. Cretaceous and Cenozoic magmatic activity has been observed in both basins. 
Magmatic activity in the Gippsland Basin is more numerous during the Cretaceous, with 54 
out of 84 wells intersecting Cretaceous extrusive rocks and minor magmatism occurring during 
the Eocene (near Bream Field) and Miocene (near Sailfish-1) (Chapter 4). Although Cretaceous 
igneous activity has been reported in the Durroon as a basalt flow intersected by the Durroon-
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1 well in the Durroon Sub-basin, the location and extent is less well known in the Cape 
Wickham Sub-basin due to the lack of well control and poor seismic resolution at depth (Blevin, 
2003). Eocene to Miocene magmatic activity is more numerous in the Cape Wickham Sub-
basin, with at least 31 igneous features mapped within this period (Figure 6). 
Table 3: Overview of magmatic plumbing style of the Bass Basin compared to the Gippsland Basin 





- Dykes: many dykes have been 
recognized throughout the data 
and especially the Labatt3D 
survey 
 
- Sills and faults, no dykes visible in seismic 
data: sills have been shown to form a large 
connected sill complex, travelling a lateral 
distance of over 40 km (see Chapter 4) 
Extrusive 
features 
- Volcanic vents with occurrences 
of lava flows 
- Predominantly lava flows with a single Eocene 
volcanic vent near the Bream Field in the 
centre of the basin and a Miocene volcanic 
vent on the edge of the basin towards the 
southeast near well Sailfish-1 
Intrusive 
features 
- Saucer-shaped and layer-parallel 
sills, voluminous enough to cause 
forced-folding in some cases 





- Although Cretaceous activity has 
been observed within the Bass 
Basin, magmatic activity mainly 
occurred during the Cenozoic. 
- Predominantly Cretaceous magmatic activity 
with minor activity during the Eocene (Bream 
Field) and Miocene (Sailfish-1) 
 
5.4 Geochemistry compared with Bass Strait Cenozoic igneous rocks 
Cenozoic magmatism is widespread in the Bass Strait with occurrences in Victoria to the 
north (Older and Newer Volcanic Provinces), Gippsland Basin to the east and Tasmania to the 
south of the Bass Basin. Compared with these provinces a number of observations can be 
made. 
Fractionation - Generally, the Bass Basin volcanics are geochemically very similar to the 
Gippsland Basin volcanics. Cr and Ni contents are similar for the same mg# in the two basins, 
indicating these magmas have undergone similar amounts of fractionation. Sc is slightly higher 
(30 - 20 ppm) in the Bass Basin versus (22 – 10 ppm) in the Gippsland Basin for the same mg#. 
Compared to the Tasmanian Cenozoic mafic rocks, Cr, Ni and Sc concentrations are similar to 
the concentrations found for the basalts and basaltic andesites found in Tasmania (Meeuws 
et al., 2019). A Sc versus mg# plot suggests that the Bass Basin samples are more defined by 
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fractionation, with an inflection point occurring around a mg# of 60, where olivine 
fractionation gets replaced by pyroxene/ilmenite fractionation (Figure 14). This is in contrast 
to the Tasmanian and Victorian samples, which do not show a similar inflection point, 
suggesting they have been dominated by olivine fractionation only.  
 
Figure 14: Cr, Ni and Sc versus mg# and La/Y versus Ce/Y for Bass Basin samples compared to Gippsland 
Basin (Chapter 3), Cenozoic Tasmanian (Meeuws et al., 2019) and Cenozoic Victorian (Older and Newer 
Volcanic Province) samples.  
Partial melting - La/Y versus Ce/Y again show a similar overlap between the igneous 
rocks found in the Bass and Gippsland Basin, indicating similar amounts of partial melting. The 
Bass Basin mafics extend a little further towards higher and lower degrees of partial melting, 
whereas the Gippsland Basin mafics are more scattered around La/Y ~ 1 and Ce/Y ~ 1.8. Scatter 
of the Gippsland Basin mafics in this graph is mainly caused by the very altered Turrum-1 
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samples (see Chapter 4).  Compared to the Tasmanian Cenozoic mafics, the Bass Basin 
magmas overlap the basaltic andesite and basalt range, whereas the Gippsland Basin samples 
fall within the basalt field (Meeuws et al., 2019). This indicates that the range of depths at 
which partial melting has occurred is a lot smaller and towards the shallow end of the 
Tasmanian magmas. In comparison, the Victorian samples, similar to the Tasmanian ones, 
show a much larger spread, indicating a larger range of partial melting depths than the more 
shallowly generated Bass and Gippsland Basin magmas.  
Source enrichment – Ti versus mg# indicates a slightly higher Ti concentration and similar 
Zr and Nb concentrations in the Gippsland Basin samples for similar mg#. Compared to the 
Tasmanian Cenozoic mafics, the samples fall within the range of basalt and basaltic andesites 
(Meeuws et al., 2019). The Bass Basin and Victorian samples overlap slightly for Ti, Zr and Nb 
concentrations per mg#, however the Victorian samples span a much larger range towards 
higher concentrations for each of these elements.  
The majority of the Gippsland volcanics are considerably older (Cretaceous) than the 
studied volcanics in the Bass Basin. The Cretaceous igneous rocks encountered in the 
Gippsland Basin show a clear upper continental crust (UCC) influence, in contrast to the 
Cenozoic Bass Basin volcanics. Younger, Eocene volcanism in the Gippsland Basin (Bream and 
Tuna area, Chapter 4) shows an OIB signature comparable to the Tasmanian Cenozoic basalts 
(Meeuws et al., 2019) and the igneous rocks observed in the Bass Basin. 
5.5 Unusual silicic intrusions or effects of weathering? 
Watson et al. (2019) identified an unusual zone in the upper third section of intrusions 
intersected by Seal-1, Toolka-1A and Flinders-1.  Based on well logs, Watson et al. (2019) 
propose that a rise in gamma response (48-74 API) and marginally lower densities (2.62-2.72 
g cm-³) in wells Toolka-1A, Seal-1 and Flinders-1, are due to the occurrence of a silicic intrusion 
within mafic dolerite intrusions. Watson et al. (2019) used major element geochemistry from 
Seal-1 as evidence for their conclusion, however, weathering may have greatly affected major 
element concentrations and may have artificially raised SiO2 and Na2O + K2O contents, which 
would explain the increase in gamma ray response. Trace element plots such as Nb/Y versus 
Zr/Ti (Pearce, 1996) are more reliable in these cases and show that the Seal-1 sample plots 
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within the alkali basalt field. Additionally, increased neutron porosities at the level of the 
proposed silicic intrusion indicate that the weathering might be more likely than the presence 
of silicic rocks as these generally have low neutron porosities, while weathered basalts would 
show higher neutron porosity values due to the presence of H2O.  
6. CONCLUSIONS 
This study of seven 3D and numerous 2D seismic reflection datasets has shown that the 
Cape Wickham Sub-basin of the Bass Basin hosts a large number of igneous features of Late 
Cretaceous to Cenozoic age, consisting mainly of basalts and dolerites with varying degrees of 
alteration. Peaks in magmatic activity are observed in the Paleocene syn-rift and Oligocene-
Miocene post-rift successions. Here we have mapped 58 intrusions and 41 extrusions which 
mainly consist of volcanic cones and few lava flows. Intrusions are mainly saucer-shaped or 
layer-parallel and can be voluminous enough to cause folding of overlying sediments as has 
been demonstrated in the Shearwater3D survey. Seismic interpretation has demonstrated 
that magma is transported through dykes to form sills and volcanic vents in the Cape Wickham 
Sub-basin. This is in contrast to the neighbouring Gippsland Basin, which contains a large 
network of interconnected sills allowing magma to travel from the centre of the basin towards 
the basin edges. Magmatism in the Cape Wickham Sub-basin is not synchronous and at least 
10 episodes of magmatic activity, ranging from Cretaceous to Middle Miocene, have been 
identified. Within the Cape Wickham Sub-basin, two age trends can be observed in magmatic 
activity, with older episodes focussing near basin edges and southward younging magmatism 
occurring in the centre. The observed southward younging trend of magmatism is in 
concordance with southward magmatic younging trends observed on the Australian mainland 
and seamount chains offshore eastern Australia.  
Major and trace element geochemical analysis of igneous samples generally shows an 
Oceanic Island Basalt signature with samples from the Yolla wells trending towards an Upper 
Continental Crust signature. Bass Basin and Gippsland Basin igneous rocks are geochemically 
very similar and have formed under similar shallow partial melting conditions and underwent 
similar amounts of fractionation. Compared to Cenozoic igneous rocks in onshore Tasmania 
and Victoria, the offshore Bass and Gippsland Basin have formed at shallower depths and are 
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comparable to the basalts and basaltic andesites found in onshore Tasmania and Victoria. 
Although the Bass and Gippsland Basin igneous rocks show similar trace element signatures 
to the Cenozoic basalts and basaltic andesite groups found onshore Tasmania and Victoria 
(Older and Newer Volcanic Provinces), Sr-Nd-Pb isotope analyses should be conducted to 
further constrain similarities or differences of magmatic sources of these provinces.  
ACKNOWLEDGEMENTS 
This research forms part of a PhD project supported by the ASEG Research Foundation 
(RF14P05) and Australian Government Research Training Program Scholarship for which 
funding is greatly acknowledged. Geoscience Australia is thanked for providing the three 
dimensional seismic data and geochemical data. IHS are thanked for access to seismic 
interpretation software The Kingdom Suite. Foster-Findlay Associates’ is thanked for the use 
of the GeoTeric software.  
REFERENCES 
 Baillie, P.W., 1986. Radiometric ages for Circular Head and the Green Hills basalt, north-
western Tasmania, Tasmania Department of Mines. 
Baillie, P.W., Bacon, C.A., 1988. Integrated sedimentological analysis: the Eocene of the Bass 
Basin. APEA Journal, 29(1): 312-327. 
Ball, P., Eagles, G., Ebinger, C., McClay, K., Totterdell, J., 2013. The spatial and temporal 
evolution of strain during the separation of Australia and Antarctica. Geochemistry, 
Geophysics, Geosystems, 14(8): 2771-2799. 
Blevin, J.E., 2003. Petroleum geology of the Bass Basin, interpretation report, an output of the 
Western Tasmanian Regional Minerals Program. 
Blevin, J.E., Trigg, K.R., Partridge, E.D., Boreham, C.J., Lang, S.C., 2005. Tectonostratigraphy 
and potential source rocks of the Bass Basin. APPEA Journal, 45: 601-622. 
Brincat, M.P., 1992. Seismic interpretation of structural and stratigraphy, permit T-15-P, 
Durroon Sub-basin, off-shore northeastern Tasmania, University of Adelaide. 




Cohen, B.E., Knesel, K.M., Vasconcelos, P.M., Schellart, W.P., 2013. Tracking the Australian 
plate motion through the Cenozoic: Constraints from 40Ar/39Ar geochronology. 
Tectonics, 32(5): 1371-1383. 
Cornell, C.D., Cowan, W.C., Mosness, T.L., Rankin, J.G., Walla, R.J., 1986. Appendix 10: 
Petrology and Geochronology of Tilana-1. In: Tilana-1 Final Well Report, pp.267-273. 
Sydney. 
Cummings, A.M., Hillis, R., Tingate, P.R., 2004. New perspectives on the structural evolution of 
the Bass Basin: implications for petroleum prospectivity. In: Boult, P.J., Johns, D.R., Lang, 
S.C. (Editors), Eastern Australasian Basins Symposium II, 19-22nd November 2004, 
Adelaide, South Australia. Petroleum Exploration Society of Australia, pp. 133-149. 
Cummings, A.M., Hillis, R.R., Tingate, P.R., 2002. Structural evolution and thermal maturation 
modelling of the Bass Basin. APPEA Journal, 42(2): 175-191. 
Davies, D.R., Rawlinson, N., Iaffaldano, G., Campbell, I.H., 2015. Lithospheric controls on 
magma composition along Earth/'s longest continental hotspot track. Nature, 
525(7570): 511-514. 
Everard, J.E., 2014. Geological evolution of Tasmania / editors, Keith D. Corbett, Patrick G. 
Quilty, Clive R. Calver ; designer/compiler, June Pongratz. Special publication 
(Geological Society of Australia) ; 24. 0072-1085. Geological Society of Australia 
(Tasmanian Division), Sydney, NSW. 
Faustmann, C., 1995. The seismic expression of volcanism in the Bass Basin referring to western 
Victorian analogues, University of Adelaide, unpublished. 
Holford, S.P., Schofield, N., Macdonald, J.D., Duddy, I.R., Green, P.F., 2012. Seismic analysis of 
igneous systems in sedimentary basins and their impacts on hydrocarbon prospectivity: 
examples from the southern Australian margin. APPEA Journal, 52: 229-252. 
Holford, S.P., Schofield, N., Reynolds, P., 2017. Subsurface fluid flow focused by buried 
volcanoes in sedimentary basins: Evidence from 3D seismic data, Bass Basin, offshore 
southeastern Australia. Interpretation, 5(3): SK39-SK50. 
Johnson, R.W. (Ed.), 1989. Intraplate volcanism in eastern Australia and New Zealand. 
Intraplate volcanism in eastern Australia and New Zealand. Cambridge University Press, 
in association with Australian Academy of Science. 
  Chapter 5 
173 
Lennon, R.G., Suttill, R.J., Guthrie, D.A., Waldron, A.R., 1999. The renewed search for oil and 
gas in the Bass Basin: Results of Yolla-2 and White Ibis-1. The APPEA Journal, 39: 248-
262. 
Maccaferri, F., Rivalta, E., Keir, D., Acocella, V., 2014. Off-rift volcanism in rift zones determined 
by crustal unloading. Nature Geoscience, 7: 297. 
McDonough, W.F., Sun, S.S., 1995. Composition of the Earth. Chemical Geology, 120: 223-253. 
Meeuws, F.J.E., Foden, J.D., Holford, S.P., Forster, M.A., 2019. Geochemical constraints on 
Cenozoic intraplate magmatism and their relation to Jurassic dolerites in Tasmania, 
using Sr-Nd-Pb isotopes. Chemical Geology, 506: 225-273. 
Meeuws, F.J.E., Holford, S.P., Foden, J.D., Schofield, N., 2016. Distribution, chronology and 
causes of Cretaceous – Cenozoic magmatism along the magma-poor rifted southern 
Australian margin: Links between mantle melting and basin formation. Marine and 
Petroleum Geology, 73: 271-298. 
Nesbitt, H.W., Wilson, R.E., 1992. Recent chemical weathering of basalts. American Journal of 
Science, 292(10): 740-777. 
Norvick, M.S., 2005. Plate tectonic reconstructions of Australia's southern margins. 
Norvick, M.S., Smith, M.A., 2001. Mapping the plate tectonic reconstruction of southern and 
southeastern Australia and implications for petroleum systems. The APPEA Journal, 41: 
15-35. 
Pearce, J.A., 1996. A user's guide to basalt discrimination diagrams. In: Wyman, D.A. (Ed.), 
Trace Element Geochemistry of Volcanic Rocks: Applications for Massive Sulphide 
Exploration. . Geological Association of Canada, pp. 79–113. 
Planke, S. et al., 2017. Igneous seismic geomorphology of buried lava fields and coastal 
escarpments on the Vøring volcanic rifted margin. Interpretation, 5(3): SK161-SK177. 
Planke, S., Symonds, P.A., Alvestad, E., Skogseid, J., 2000. Seismic volcanostratigraphy of large-
volume basaltic extrusive complexes on rifted margins. Journal of Geophysical 
Research-Solid Earth, 105(B8): 19335-19351. 
Rateau, R., Schofield, N., Smith, M., 2013. The potential role of igneous intrusions on 
hydrocarbon migration, West of Shetland. Petroleum Geoscience, 19(3): 259-272. 
Chapter 5 
174 
Reynolds, P., Holford, S., Schofield, N., Ross, A., 2017. The shallow depth emplacement of mafic 
intrusions on a magma-poor rifted margin: An example from the Bight Basin, southern 
Australia. Marine and Petroleum Geology, 88: 605-616. 
Reynolds, P., Holford, S., Schofield, N., Ross, A., 2018a. The importance of subsurface lithology 
in controlling magma storage v. eruption: an example from offshore southern Australia. 
Journal of the Geological Society. 
Reynolds, P., Schofield, N., Brown, R.J., Holford, S.P., 2018b. The architecture of submarine 
monogenetic volcanoes – insights from 3D seismic data. Basin Research, 30: 437-451. 
Rudnick, R.L., Gao, S., 2003. Vol. 3: The Crust, 3.01 - The composition of the continental crust. . 
In: Holland, H.D., Turekian, K.K. (Eds.), Treatise on geochemistry. Elsevier-Pergamon, 
Oxford, pp. 1-64. 
Sayers, J., Symonds, P.A., Direen, N.O., Bernardel, G., 2001. Nature of continent-ocean 
transition on the non volcanic rifted margin of the central Great Australian Bight. In: 
Wilson, R.C.L., Whitmarsh, R.B., Taylor, B., Froitzheim, N. (Eds.), Non-volcanic rifting of 
oceanic margins; a comparison of evidence from land and sea. Geological Society of 
London, pp. 51-76. 
Schofield, N. et al., 2012. Seismic imaging of 'broken bridges': linking seismic to outcrop-scale 
investigations of intrusive magma lobes. Journal of the Geological Society, 169(4): 421-
426. 
Schofield, N. et al., 2015. Regional magma plumbing and emplacement mechanisms of the 
Faroe-Shetland Sill Complex: implications for magma transport and petroleum systems 
within sedimentary basins. Basin Research: n/a-n/a. 
Schutter, S., 2003. Hydrocarbon occurrence and exploration in and around igneous rocks. In: 
Petford, N., McCaffrey, K. (Eds.), Hydrocarbons in crystalline rocks. Geological Society 
London, London, pp. 7-33. 
Smallwood, J.R., Maresh, J., 2002. The properties, morphology and distribution of igneous sills: 
modelling, borehole data and 3D seismic from the Faroe-Shetland area. North Atlantic 
Igneous Province: Stratigraphy, Tectonic, Volcanic and Magmatic Processes, 197: 271-
306. 
  Chapter 5 
175 
Sun, S.-s., McDonough, W.F., 1989. Chemical and isotopic systematics of oceanic basalts: 
implications for mantle composition and processes. Geological Society, London, Special 
Publications, 42(1): 313-345. 
Sutherland, F.L., Forsyth, S.M., Zwingmann, H., 2002. Bassian basalts: dating, Cenozoic 
biogeohistory and a new model for Tasmanian volcanism. Geological Society of 
Australia Abstracts, 67(251). 
Sutherland, F.L., Hendry, D.F., Barron, B.J., Matthews, W.L., Hollis, J.D., 1996. An unusual 
Tasmanian tertiary basalt sequence, near boat Harbour, northwest Tasmania. Records 
of the Australian Museum, 48(2): 131-162. 
Sutherland, F.L., Wellman, P., 1986. Potassium-argon ages of Tertiary volcanics rocks, 
Tasmania. Papers and proceedings of the Royal Society of Tasmania, 120: 77-86. 
Suttill, R.J., 1995. Palaeogeographic study of the Paleocene and Early Eocene sequences of the 
Eastern View Coal Measures in T/23P. 
Teasdale, J., 2004. Southern Australian Margin SEEBASE® Compilation, April 2004, Geoscience 
Australia, Canberra. 
Velayatham, T., 2019. Subsurface fluid flow in Australian sedimentary basins, The University 
of Adelaide, unpublished. 
Watson, D., Holford, S., Schofield, N., Mark, N., 2019. Failure to predict igneous rocks 
encountered during exploration of sedimentary basins: A case study of the Bass Basin, 
Southeastern Australia. Marine and Petroleum Geology, 99: 526-547. 
Wellman, P., McDougall, I., 1974. Cainozoic igneous activity in eastern australia. 
Tectonophysics, 23(1–2): 49-65. 
Wheeler, B.F., Kjellgren, G.M., 1986. Yolla-1 Final Well Report (Amoco Australia Petroleum 
Company (unpubl.). 
Williamson, P.E. et al., 1985. Pre-Eocene stratigraphy, structure, and petroleum potential of 



























  Chapter 6 
179 
CONCLUSIONS 
This thesis examines the temporal and spatial distribution of Cenozoic magmatism along 
the south-eastern Australian margin, with focus on Tasmania and the Bass and Gippsland 
Basins. This is achieved through detailed mapping of 3D and 2D seismic reflection data and 
major and trace element and isotope geochemistry on available rock samples onshore 
Tasmania, and from wells in the Bass and Gippsland Basins. Within this thesis, several research 
aims/objectives have been investigated: 
1. Accurately constrain the distribution and chronology of Cenozoic intraplate 
magmatism in the Bass and Gippsland Basins.  
2. Determine the nature of subvolcanic ‘plumbing systems’ and provide insights into 
the modes of Cenozoic magma transport through sedimentary basins in south-
eastern Australia.  
3. Explain the geodynamic origins of anomalous Cenozoic intraplate magmatism in 
south-eastern Australia at basin-to-mantle scales.  
Both the Bass and Gippsland Basin host a voluminous record of mafic magmatic activity 
of Late Cretaceous to Miocene age in their syn- and post-rift sedimentary successions. Despite 
only being separated by the Bassian Rise, these basins only share part of the tectonic evolution 
and therefore the distribution and chronology of igneous events differs significantly. Within 
the Gippsland Basin, magmatism mainly occurred in several phases ranging from the Late 
Cretaceous (Campanian) to Middle Eocene, with the most abundant activity occurring during 
the Late Cretaceous. Through detailed mapping of available 3D seismic reflection datasets, we 
have shown that in the upper crust, magma travelled from the centre of the Gippsland Basin 
(Central Deep) towards the basin-bounding major faults in the north (Rosedale Fault System) 
and south (Darriman Fault System). This magma travelled through an extensive 
interconnected network of sills, spanning over 40 km laterally and several kilometres vertically, 
to finally extrude onto the paleo-surface as lava flows near the basin edges. This network has 
been established over several magmatic pulses starting from the Campanian to the Middle 
Eocene, with extrusive activity and fractionation progressing from east to west along the 
northern Rosedale fault. Subsequent magmatism is represented by a Middle Eocene volcanic 
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cone complex, located in the Central Deep near the Bream Field. In contrast to the Late 
Cretaceous magmatism, these volcanic cones are fed by underlying intrusions and vertical to 
near-vertical faults or dykes. A small area in the south-east of the basin, near the Sailfish-1 
well, hosts several pyroclastic cones of Miocene age. Based on the age and location of this 
magmatic activity, it is more likely to be related to the Tasmanian Cenozoic magmatism. The 
Bass Basin on the other hand hosts a large number of igneous rocks with ages ranging from 
the Cretaceous to the Miocene, with the magmatic activity mainly occurring during the 
Miocene. Cretaceous to Eocene magmatic activity is mainly focussed at major faults near the 
basin edges. In contrast to the Gippsland Basin, no lateral network of sills has been observed 
and magma transport through the upper crust inhibits a more vertical nature through vertical 
to near-vertical dykes and faults. Miocene magmatic activity is constrained to the centre of 
the Cape Wickham Sub-basin and is expressed as volcanic cones and few sills. This phase of 
magmatic activity shows a remarkable age trend, with younger, Miocene, magmatic activity 
trending towards the south. This trend is in concordance to magmatic activity observed on the 
Australian mainland and seamount chains offshore eastern Australia. Figure 1 illustrates an 
overview of the distribution and timing of magmatism in the researched areas.  
Cenozoic magmatism in Tasmania has a complex origin, with igneous compositions 
spanning a wide range from highly silica-undersaturated olivine melilitites and nephelinites to 
basanites, ne-hawaiites, olivine basalts and quartz-tholeiites. Major and trace element and 
isotope geochemistry has shown that this wide range of compositions is controlled by variable 
degrees of melting during decompression melting of a peridotite source and contamination 
by a residual source responsible for the Jurassic dolerites. More specifically, a thermal 
upwelling with a HIMU signature traversed a Pacific MORB-like asthenosphere and released 
small degree melts generated within the garnet-lherzolite stability field, and interacted with 
the mantle lithosphere. Further lithospheric heating caused low degree melts to rapidly rise 
to the surface producing alkaline melts with Oceanic Island Basalt (OIB) trace element 
signatures. Higher degree melts were created by more extensive heating and were mixed with 
remnants of a source responsible for the Jurassic dolerites where it was still residing in the 
lithosphere. This mixing component can be recognized in the Upper Continental Crust (UCC) 
signature observed in trace element patterns. Major and trace element and isotope 
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geochemistry of the limited Cretaceous magmatism in Tasmania shows intermediate 
compositions and isotope ratios in between those of the Jurassic and Cenozoic igneous rocks.  
 
Figure 1: Overview of the distribution and timing of magmatism in Tasmania, the Gippsland and Bass 
Basins and Victoria.  
 
Chapter 6  
182 
Major and trace element geochemistry of Bass and Gippsland Basin igneous rocks have 
shown that compositions fall within the alkali basalt to basalt field. Cretaceous to Eocene 
sampled lavas occurring along the northern Rosedale Fault system in the Gippsland Basin 
show a UCC trace element signature similar to the silica-oversaturated samples from Tasmania. 
Middle Eocene intrusions and extrusions sampled in the centre of the Gippsland Basin (near 
the Bream Field) exhibit an OIB trace element signature, similar to the silica-undersaturated 
igneous rocks of Tasmania. The igneous rocks sampled in the Bass Basin show a similar OIB 
trace element signature, with the exception of the igneous rocks sampled by Yolla-1, Yolla-2 
and Yolla-3. Major and trace element geochemistry indicate that the Bass and Gippsland Basin 
melts have been formed at similar shallow depths and similarly high degrees of melting as the 
basalt and basaltic andesite groups of the Tasmanian Cenozoic igneous rocks.  
 
Future directions 
Due to the weathered state and minimal sample size of the igneous samples recovered 
by petroleum wells in the Bass and Gippsland, no isotope geochemistry has been attempted, 
however, to fully unravel the geochemical signature of the offshore igneous rocks, isotope 
geochemistry is necessary. Sr, Nd and Pb isotope geochemistry will allow to better constrain 
the differences and or similarities with the Jurassic, Cretaceous and Cenozoic magmatism 
observed onshore in Tasmania and Victoria. It would be interesting to test if the offshore 
samples which show an UCC trace element signature show Sr and Nd isotope ratios trending 
towards those of the Tasmanian Jurassic dolerites and if there is a HIMU component present 
in the samples with an OIB trace element signature. To achieve this, targeted drilling and 
coring of igneous rocks is necessary to provide good samples. Igneous rocks are often deemed 
not interesting by petroleum companies and are therefore often skipped during coring and 
wireline logging, even though the analyses of igneous rocks present can provide better insights 
in the history of the basin, and allow for more accurate thermal and subsidence models. This 
is especially the case where intrusions are present as it is often quite difficult to determine the 
timing of intrusion using seismic data alone.   
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Increased knowledge of the timing of magmatic activity is also crucial to better 
understand the offshore magmatism. Although some absolute ages have been obtained 
previously, the weathered state of the offshore samples hinders the absolute dating of the 
offshore igneous rocks as weathering of feldspars to sericite will provide an age that is younger 
than the crystallisation age of the igneous rocks (Verati and Jourdan, 2013). Pyroxene is 
generally more resistant to weathering and may be a better candidate to provide with 
absolute ages of intrusive events in the offshore basins (Ware and Jourdan, 2018). This will 
allow to better understand the signatures observed in the trace element data. 
The seismic reflection surveys used in these studies are of varying quality and improved 
data quality can improve the interpretation of igneous rocks in sedimentary basins. Re-
processing of older seismic surveys can already have a significant effect on data quality and 
therefore identification of igneous rocks. We have shown that the use of spectral 
decomposition images can aid the identification of igneous rocks in amongst other high 
amplitude reflections. Further development of similar frequency decomposition techniques 
will provide us with much more information of already available datasets.  
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